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Numerical method of thermal shock resistance
estimation by quenching of samples in water
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A temperature dependence of a transient heat transfer for cylindrical and ball samples (of
different surface roughness) of 3-60 mm diameters heated up to the temperature range
from 150 to 1200° C and quenched in a water bath of large volume was established. The
measurement errors of the transient heat transfer defined by different methods with regard
to hysteresis and statistical nature of boiling phenomena were evaluated. The study
revealed, that the transition point from bubble to film boiling and vice versa differs
essentially. The transient heat transfer in the field of bubble boiling did not depend on the
size and the shape of the samples, their surface roughness and thermo-physical properties.
But the magnitude of hysteresis in changing between the boiling regimes were substantially
governed by the geometrical and thermo-physical characteristics of the samples. The
examples of thermal stresses estimation which caused quenching damage to ZrC samples,
heated up to a wide range of temperature from 150 to 1200 C, are given. The obtained data
on the transient heat transfer and proposed recommendation on the temperature regimes
of quenching for convenient sample sizes can form a basis of a standard for the numerical
evaluation of the thermal shock resistance. © 2000 Kluwer Academic Publishers

1. Introduction isat 20 C. The increase af > g3 transforms the bub-
The thermal shock test method using a water bath ible heat transfer to the steady film heat transfer regime
well established [1] and has attracted the attention ofhus decreasing the valuetofo 1,2x 10° W/m2K [11].
many scientists [2—-10] due to its experimental simplic-It should be mentioned that the critical heat flog
ity. Nevertheless, any quantifying estimate of thermalin going from bubble to film boiling is considerably
stresses which cause the testing specimens to fail igreater than the critical heat flogs, corresponding
rather complicated because of intricate dependencie® the back transition. Such a hysteresis of the critical
of heat transfer during water boiling on the surface offlow leads to considerable change of heat transfer and
gquenched samples. this must be given proper weight in determination of
The thermal shock resistance (TSR) is estimatedhe TSR.
[1-4] on the evidence of the maximum temperature Transient heat transfer has been determined on the
difference AT between the surface temperature ofbasis of temperature data measured by a fine thermo-
the samplels and the water temperatuilg, with re-  couple fixed in a silver ball of the diametge= 20 mm
gard to the heat transfer according to the Biot num-quenched in water from different temperatures. The
ber Bi=hr/x; taking the Bi to be constant during the maximum transient valud = 2,8 x 10* W/m?K was
guench test (whert is the heat transfer coefficient, achieved at 250C [12]. Further increase of the tem-
r-characteristic size of specimehsthermal conduc- perature to above 50 loweredh sharply to 2x 10
tivity). In practice, the heat transfer coefficient is an W/m?K, that is typical for the film boiling. The mea-
intricate function of the surface temperature of specisurement of temporal temperature changes of heated
men and the assumption of consthi responsible for  thin plates 1 and 3,2 mm in thickness made of zirco-
the discrepancy of about 20% in the calculation of thenium gave the maximum value in water of 1x 10°
temperature differencaTs= T, — Ts between the cen- W/m?K at 280—-300C [9]. The measurement of tran-
tre (Tc) and the surface temperatuk) of the sample sient heat transfer in silver and steel cylinders 6-15 mm
at the given value B 1 [2]. The errors of theATscal-  in diameters with fixed into them thermo-couples
culation depends on the chosen valuddb a greater gave the maximum valuds in water in the range of
extent than the errors on the assumptioh obnstancy.  1,5-2,5x 10° W/m?K depending on the sample diam-
The maximum stationary coefficientand the criti-  eters in the temperature field of 400—4%&D[10].
cal heat flowg for the bubbling regimeT, = 100° C) The values ofh=5,4x 10* to 1¢ W/m?K are
on the surface of a body at atmospheric pressure are ref frequently used in the thermal shock testing with
spectively equalto & 103W/m2K and 1,5x 10°W/m? little justification [4]. The value ofh=5,4x 10°
[11]. Theqc increases to & 10° W/m?, when the water W/m?K (which is more likely characteristic of natural
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convection) is taken in [7] without specifying the tem- ing layer. The thermo-couples were soldered using a
perature interval of specimen heating in quench testssilver alloy to the inner wall (0,5 mm in thickness) of
The maximum values df, calculated on the basis of ex- the hollow cylinder. The specimens as hollow cylin-
perimentally obtained data, for the temperature differ-ders were thermally insulated and tightly sealed using
enceAT, which caused sample failure, lay in the rangea fitment (Fig. 1a) in order to prevent the heat transfer
1-4x 10* W/mPK [5, 8]. The authors [4, 5, 8] asserted from the tube face surface. The junction of the thermo-
that the thermo-physical properties, shape and size afouples was fixed in a drilled orifice of the solid cylin-
samples, their surface condition, influence on the heater filled with an In-Ga liquid alloy (Fig. 1b). The
transfer and, as a consequence, the currently availabiesulated thermo-couples were incorporated into the
dependencies di = f(T) are inadequate for reliable graphite ball sample60 mm in diameter using a mix-
estimates of the TSR. ture of furfuryl alcohol and graphite powder followed

The goal of the paper is to establish the temperaturby curing and graphitization at a high temperature. The
dependencies of the heat transfer for the transierthermo-couples junctions were pinpointed from X-ray
cooling in water of samples quenched from a widephotographs made in three projections. The schematic
temperature range. Furthermore, consideration i8f the setup to measure the thermal heat transfer, is
given to a possible heat transfer hysteresis and to ashown on Fig. 2. A sample (1) is heated in an inert at-
estimation of the reliability of the quantitative thermal mosphere of a furnace (2), the temperature, measured
shock quench tests. by the thermo-couple (7) was recorded by a logging po-
tentiometer (8). A device (11) to automatically transfer
2. Methods of the nonsteady heat transfer ;he iample into a_lwater-bath 3) anq an oscillos_cope (6)

measurement or thermometering the sampl_e during quenching were
The determination of the nonsteady heat transfer on th%W'tChed on simultaneously with the_ help ofa relay (9).
surface of hot specimens guenched in a large vqumWh.PTn apresettemperature was attained. The shift of t.he
water was performed by: 80|I|ng regimes was fixed by the change of the ampli-

’ tude of the acoustic emission signal detected by a trans-

. ducer (12) operating in the frequency range 1-20 of Kc.
a) The measurement of the temperature in the centre The so called exponential method [14] derived from

of a small specimen during cooling Whean'4' . the time varying measurements of the sample temper-
b) The measurement of the temperature fields regis

df iod of time b fth I ature at small values of Biq0,4) was used as a basic
tered for a period oftime by a system ofthermo-Couple§y aihod. In this special case, the temperature in the sam-
fixed in a large specimen.

Th toft i iod le’s centre somewhat differed from the surface tem-
¢) The measurement of temperature over a perio ogerature and the quantity of he@tfrom the cooling

time by one or two thermo-couples fixed in small or surfaceS of a body having arM mass and & heat
large specimens of known thermal-physical proper’uesc‘;maci,[y in a time d is expressed by the relation:
The heat transfer in this case is determined by solving

the inverse problem of the thermal conductivity [13]. Qdr = MCdT = h(z)(Ts — Tw)Sd, (1)
The specimens as balls, solid and hollow cylindersand the coefficient of heat transfer is given by:

having the diameter from 2 to 60 mm made of Cu, MC\ dT 1

Ni, stainless steel, graphite with different surface fin- h(r) = < ) E[ﬁ}

ish, were used to measure the heat transfer. The tem- s W

perature was measured in all tests by Chromel-AlumeWhereTs and Ty, are respectively temperatures of the

thermo-couplesd = 0,1 mm) covered with an insulat- sample’s surface and water.

(@)

Figure 1 The fitments for the measurements of the heat transfer on the ring (A) and cylindrical (B) samples. 1. Ring sample 2. Asbestos sealings 3,4.
Lower and upper covering 5,8. Thermo-couple with electroinsulation 6. Clamp 7. Cylindrical sample 9. Plug 10. Alloy Indium-Gallium.
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Figure 2 The schematic of the set-up for the measurement of the heat
transfer. 1. Sample 2. Furnace 3. Water bath 4, 10. Amplifier 5. Detector 0 2 4 6 8
6. Oscillograph 7. Thermo-couple 8. Potentiometer 9. Relay 11. Device . 2
for sample delivering 12. Transducer. time 10 S
(@
300

The typical curves of the temperature change in the
hot sample quenched in the water-bath are presented in 250 \

Fig. 3a and b. The smooth temperature curve in Fig. 3b

attests the existence of pure bubbling on the surface. 200

The drastic point of inflectior on the temperature \

curve (Fig. 3a) and the increase in the amplitude of N

the acoustic signals are evidence of the regime change C 150 \

from film to bubble boiling. The erroe of the heat N —
transfer determination as a consequence of using the 100 pr—
temperature in the centre of the sampleinstead of

the mean temperaturg, through the whole sample 50

volume in the heat flow calculatiap= Q/Sis:

0

e=Tm—T/Tn 3
0 2 4 6 8
whereT,, andT/ are temperature derivatives. The error . 2
of the heat transfer measurement did not exceed 10% time 10°, s
for the copper cylinder witld = 3 mm, when Bi< 0,2 ®)
after the initial period of cooling longer than 0,01 s, aSFigure 3 The cooling of the heated copper cylinder with the diameter
evident from the solution of the thermal conductivity 3 mm in water bath T, = 25° C) with transition from film to bubble
eguation [14]. The accumulated root-mean square errdioiling (a) and without it (b).
gg due to graphical differentiation of the temperature
curves (5%), errors of temperature (2%) and of thermo- .
physical properties (6%) measurements did not excee]c r and temperature change between the film and the
15% at a 64% confidence level. ubble boiling.
When the second of the above mentioned methods for

the heat transfer measurement is used, the temperatue Results and discussion
field throughout the graphite bal & 60 mm) isrecon- 3.1. The measurement of transient
structed using temperature data from 5 thermo-couples  heat transfer
fixed in the sample. The surface temperatlizecan  The determination of heat transfer has been performed
be deduced from the readings of two thermo-couplesising a statistically representative measurement body
near the surface by two means: graphical extrapolatiobecause of a complicated character of a two-phase heat
and calculation based of the assumption that the tentransfer connected with numerous hydraulic and ther-
perature between two extremes is governed by the cubmodynamic factors. The measurement data are repre-
parabola. The discrepancy in the determinatiofiudfy ~ sented partially in Tables | and Il. The transient heat
the two means do not exceed 2% and the accumulatedansfer in quenching hot samples from the tempera-
measurement errércompared favourably with the er- ture levelTo = 250°C occured exclusively through bub-
ror of the exponential method. The heat rate methodling, as in Fig. 3b. When the samples were heated in
through solving the inverse problem of the thermal conthe range 250-35(C the heat transfer may occur both
ductivity [13] was used to determine the influence ofthrough pure bubble boiling and also through alternat-
the sample size, shape and properties on the heat trariag boiling regimes (point F, Fig. 3a). The heat transfer
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TABLE | The values of heat transfer on the mixhg and bubble boilind, regimes when the copper cylinder with=3 mm (T;; =400°C at
To=500C) is cooled down from the temperatufgin the water bathT, =25° C)

g1 X 1076 hy x 104 J2 X 106 ho x 104

N T°C T1°C W/m2 71 x 1% s. W/nmEK (TL—To)/Tm °C W/ W/m2 K
17 200 200 (206- 170)/190 6,3 3,0

10 250 250 — (25@- 170)/230 7.9 3,4

19 250 242 1,20,15 1,3 0,5 (242-160)/220 8,0 3,4

14 300 300 — — — (300- 280)/290 10,5 3,75
18 300 285 1,40,2 1,7 0,5 (281 230)/270 10,5 3,75
13 350 350 (350-300)/325 11,3 35

14 350 320 1,611 1,9 0,5 (326- 280)/310 10,8 35

19 400 380 1,%20,5 2,6 0,44 (36@- 320)/340 10,7 31

16 450 400 1,90,2 2,9 0,44 (38a- 350)/360 10,7 3,0

10 500 400 2,6:0,1 3,5 0,43 (37@-350)/360 10,7 3,0

N is the number of test sampléR, is the completion temperature of mixed boiling regimeis the heat flow and; is the medium life time of mixed
boiling, T,y median temperature for the assignmengoandh; in temperature rangé T,.

TABLE Il The thermal flow change, (Mw/m?) against the temper- ~ accordance with [11, 12]. Transition from the film to

ature of water bathfy the bubble boiling regime was detected by the critical
The location of the sample fte_rr)peraturé'Cr depending on_the compleﬁ:m[km an_d
beneath the water level nm]  INitial temperatur@o, wherer is the characteristic size;

Cm, Am are the average values of the heat capacity and

130 100 80 thermal conductivity in the temperature range frdgn

To°C T, °C Thermal flow, MW/ to 100 C. T, lowered and the life time of film boiling
was extended with decrease of the compi€x,/Am

200 20 3.9 3.9 3.9 and with rise of the initial temperature of the sample
200 100 038 08 10 T,. The dispersion of these parameters lay within 20%.
250 20 >8 02 >2 Ana iate t ture depend f the heat
250 50 35 31 29 ppropriate temperature dependence of the hea
250 100 11 11 11 transfer (Fig. 4), based on experimental data of the three
300 20 8,0 7,7 7,2 measurement methods should be selected on the ba-
300 60 2,7 19 1,7 sis of theT, value. A distinguishing characteristic of
300 80 1,5 15 15

the obtainech values fits in the left arm of the heat
transfer curve for the samples having various values
of rCm/Am in the temperature range of bubble boiling.
The variation of the heat transfer intensity in the transi-
occured exclusively on the schematic (Fig. 3a), whertion from the film to the bubble boiling is characterised
the sample temperature was above ‘350The scat- by the right arms of the curves (Fig. 4), the onset of
tering of the peak heat flows under the mixed regimesvhich is defined by thd@, temperature. It should be
dgi/g: and the bubble boiling regimegg/qg, and the
lifetime of the mixed regimesd/z; vary between 5
and 20% (Table I). The calculated valueshgfandh,
vary in the same ranges. The possibility of the bubble
boiling with the heatup rate as high as®IK¥s at the 4,5 Y —
temperature level above 350 existed within a short
period of cooling not longer than 30106 s before
the film formation [15]. 35
Influence of water temperature and sample locatior
in the water bath of large volume on the heat transfe“g
rate was verified on a set of 5 copper rings (15 mm & 25
diameter, 10 mm height, 2 mm wall thickness), her- I
metically sealed and thermal-insulated as in schemati =
(Fig. 1a). Itwas shown that the intensity of heattransfel 1,5
atTpy = 300°C was reduced from 3,7 10~4 W/m2K to \ 5 L4 i3 2]
0,5x 10~* W/m?K with the waterbath temperature rise
from 20to 100 C, and thén values were equal indepen- 0,5
dently of the sample location (Table Il) in the limits of
inevitable statistical dispersion. The sample movemen
velocity change from 2 to 25 cm/s in the temperature
range of the developed bubble boiling had no effect or °c
the coefficient of heat transfer. _ . -
The coeficient of fim heat transfer stafistically Var- 2 epencencies fne sty cosfiertofteest
ied between 0,3 and 0,710 W/n?K independently  waterbath of large volum@, = 25° C). 1.Tr = 600°C, 2.Ter = 500°C,
of the sample size and thermal-physical properties irs. Te; =400°C 4. Ter = 300°C and 5.T¢; = 200’ C.

300 100 0,7 0,6 0,5

5

-

\
\
\

100 400 700 1000
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particularly emphasised that change from the fimto 50
the bubble boiling occured at a lower body temperature

as compared with the back change. This circumstanc
leaded to that thie maximum value achievable e.g., for

the sample withrCp/Am=0,3x 1072 m?s/kg in the 40
course of quenching frofy = 900° C was found to be
equal to 2< 10* W/m?K that is two times lower than
the h whenTp =400 C. The observed effect of hys-
teresis has been extensively investigated for a static he.
transfer process [11], while the transient heat transfe g
regime differs greatly from the static one. The maxi-
mum g value (Table 1) is twice of thg,=6x 10° = 20
W/m?K [11] for the static heat transfer. The temper- S “\
ature dependence of heat transfer obtained by the e>§ 2
ponential method in [12] agrees qualitatively with our \
dependenck = f(T). However the evaluatduvalues 10

are markedly lower since the measurements were cor
ducted on the silver cylinder, 20 mm in diameter, at

Bi = 1,3, and the error was more than in our investiga-

tion. Data obtained on thin plates turned out closer tc 0
our results and trustworthy [9]. The values worked 0
outin [5, 8] using the fracture time data, as a rule, were .1 1 10 100
lower than the actual maximum value, since the sam BIO

ple failure may occur at a time, when the maximum

heat transfer coefficient had been not attained yet durFigure 5 Relative error ofA R/R versus Biot value at uncertainty Bio:
ing cooling fromTp. Because of this the temperature 1-50%, 2-20%.

curvesh = f(t) were shifted to a lower temperature

region as compared with the curves of Fig. 4. In our o

view, the gained results of the transient heat transfepurface temperature. The known criterion for the TSR
investigations with faithful appraisal of data reliabil- for the cylindrical sampl&®k =o' (1 — u)/«E is, in fact,

ity allow to settle existing disagreements in literature€dual toAT andR= AT (1 — ) for disk sample. The

data and discard approximate estimates of the watdpain error of the appraisal T depended on the Biot
quench tests. value, which, in turn, was dictated by the errohaind

A measurements. Taking the uncertainty of Biot to be

20%, the relative error of the experimental valuB/R
3.2. Quantitative appraisal of water would occur within 2—10% (Fig. 5) for the samples with

quench tests d=6 mm andi =5-50 W/n?K. This analysis was

Thermal shock quench tests were performed using performed for Bi= f(T). The error ofAT calculation
set-up similar to that used in the heat transfer meaincreased when Biot was adapted to be constant [17].
surements (Fig. 2). The only feature was the use of The calculated estimation of local thermal stregges
an acoustic registration system to fix the failure time,leaded to a value not more tharnr£0< o E Ty, when the
incorporating a unit to suppress the noise induced byocal heat flowq; equaled in the magnitude to the bub-
boiling. However, to entirely get rid of the noise was ble size and opposite in sign to the heat fipuniformly
not possible and the sample failure was detected onldistributed over the whole sample. This value, obtained
if the bubbling regime was not too developed. In thisby Laplas approximation method for half-space [16]
connection, the cracking detection was performed invas negligible compared with the thermal stresses af-
conventional ways: using the method of penetratinger exposure to the integral heat flowThe validity of
dye, sample weakening under bending test. The danthe calculated appraisal is supported by experimental
age to electrically conductive samples was estimatedesults indicating that the local variation in the surface
from the conductivity change that is more convenienttemperature is not more thah® with the existence of
in the thermal cycle tests. The temperatlg®f initial ~ steam bubble less than 1Dsec [18]. By this means,
sample failure was appraised by stepwise raising théhe estimation of the TSR does not come against the
temperature every other 10 degrees. The computatioristractable problem in the course of the intense bubble
of thermal stresses were performed on the temperatutgoiling. The results of the thermal shock quench stud-
To and the failure timer; elapsed from the onset of ies correlate with the data measured by other methods
cooling or using thélp value. At first the temperature (Table IV) for the verification of the measurement reli-
field in the sample was calculated by numerical methodbility. The choice of the zironium carbide was dictated
with computer solving the equation of heat conductiv-by some reason. First its, AT and complexE« are
ity under non-linear heat transfer boundary conditionsconstant in the temperature range from 20 to 1800
set by our measurements. The TSR was defined froras well as its corrosion resistance is stable in boiling
the thermal stress; which caused failure or from the water. Second, there are available reasonably extensive
valueAT =Ty, — Ts, whereT,, was the meanintegrated experimental data, obtained by other methods the errors
temperature over cross section of a sampleyas the  of which are not greater than that of quench test. The

30

rror, %

ve

t
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TABLE 11l The dependence of critical temperatufg change from film to bubble boiling vs the initial sample temperafigrevith regard of
thermal-physical complesc /A

Graphite, Ni, Ni, Steel, Cu, Cu,
Material, size d =60 mm d =40 mm d=12 mm d=2 mm d=12 mm d=3mm
rc/i 10?2 (m?s/kg) 44 15 5 2,4 0,9 0,3
To, °C Ter, °C
1100 190 185 200
1000 390 280
950 320 220 200
900 500 420 300 230
800 550 470 410 400 300
700 620 600 530 480 450 400
600 600 540 570 520 470 430
500 500 500 490 450 400
400 400 400 400 395 390

TABLE IV Thermal shock resistance of materials measured by various methods

. MPa
Sample size, E x 1074, ax10° X, AT, ot,

Material, N Method form mm Ots op MPa K1 W/mK K MPa ot/0p

ZrCo o3, | Cylinder, — 280 3,5 6 30 60 126 0,45
N =52 d=3,1=30

ZrCo o3, Disk, 90 260 3,4 6 28 50 102 0,39
N =35 d=25h=3

sapphire, | Tubey =2, — 690 4,5 7,2 18 72 280 0,41
N =32 d=13,1 =9

Al>03, | Cylinder, — 245 4,0 6,4 16 54 138 0,57
N =45 d=1,1=30

ZrCp 94, 11 [21] Cylinder, 60 148 3,0 52 25 50 98 0,53
N =20 d=15,1 =45

ZrCp g3, 11 [20] Disk, 100 290 3,2 5,2 28 61 93 0,32
N=7 d=35h=25

ZrCp g3, IV [19] Disk, — 230 3,5 6,0 22 65 136 0,59
N=9 d=20,h=1

ZrCo g6, V [22] Cylinder, 80 260 3,4 6,0 25 57 117 0,45
N =30 d=15,1 =45

i guench test method, 1l induction method of heating, Ill method of heating in melted tin, IV method of electron beam heating, V method of radiation
heating,N the number of test samples.

observed distinctions A T within 15-25% measured 1 T‘ 400
by various methods are due to natural property dispel N 7\ ﬁ
sion unique to brittle materials. TeT values, relating 0.9 \ / \
to the first evidence of the sample damage under th \ 320
guench test agree wholly satisfactorily with the data 016/6¢ f't I \ 6. MP
other tests if we consider only the first sign of a sample 0,7 eira
damage [23]. The thermal stressgsslightly exceed 0.6
the tensile strength and equal to 0,32-0,57 of the flexur ™ 240
strength (Table V). 0,5

The reliability of the predetermined transient
dependencies of the heat transfer and the tempe 0.4 H T, 160
ature hystersis of the boiling regimes is reinforced 0.3 y,
by the damage regularities of ZrC samples heater ! 15 \
up to different initial temperature levelg from 150 0,2 80
to 1200 C. The outlasted change from the film to
the bubble boiling, observed &, =200 C, when 0,1
copper samples, 3 mm in diameter were heate: 0 0

above 1000C is supported by the strength drop

absence. The data spread and the mean strength val 0 250 500 750 1000 1250
after quench test af;=1100-1200 C compared 0c

favourably with the initial values since the thermal Figure 6 Change of thermal stressesand relative strength drap/op

stressess; were belOW_Uts (Fi_g- 6). The possib_ility on quenching of ZrC cylinders 2 mm in diameter and length 45 mm in
of quench strengthening with temperature rise upwater bath Ty = 25°C) at various initial temperaturg.
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to 1200 C is eliminated since stress relaxation andReferences

development of compressive stresses become feasiblé
only in heating above 150@ and subsequent mild
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film boiling depending on sizes and thermal-physical22.
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nificantly be distorted if this phenomenon is neglected.
The proposed recommendations may form a basis for

a standard to quantify the TSR by quenching method.
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