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Abstract

This paper presents a life prediction method based on several accelerated life test data for brazed plate heat exchanger. For this purpose,
accelerated life tests were performed with pressure cycle and fluid temperature as accelerating stresses. Statistical analyses of the two test
data sets and their combination were conducted. As a result, the shape parameter of Weibull distribution, the accelerating index of pres-
sure cycle, the activation energy, and the life cycles under normal use conditions for the brazed plate heat exchanger were obtained.
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1. Introduction

In today’s competitive marketplace, product designers are
under pressure to reduce product lead times. For example, the
product lead times in the automobile industry, which often
exceeded 48 months 10 years ago, are now less than 24
months [1]. Accelerated life tests are becoming popular in
today’s industry because of the need to obtain life test data
quickly.

The three widely used types of acceleration methods are the
following: (1) overstressing, (2) increasing usage rates, and (3)
tightening the failure threshold [2]. Among these methods, the
most common acceleration method is overstressing. This
method is performed by applying stress levels that exceed the
level a product will encounter under normal use conditions.
Then, the lifetime under normal use conditions is predicted
using accelerated life test data and accelerated life models.

Nelson [3] provided a comprehensive review of background
materials, practical methodologies, basic theories, and exam-
ples of the accelerated life tests. Chapter 7 of Yang [2], Chap-
ter 6 of Elsayed [4], and Chapters 1820 of Meeker and
Escobar [5] also discussed additional information on these
topics. Nelson [6] also provided an extensive list of references
on accelerated life test plans. Escobar and Meeker [7] outlined
some of the basic ideas behind accelerated life tests and de-
scribe the most commonly used accelerated life models. Park
et al. [8] explored three types (Overstressing, increasing usage
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rates, and tightening the failure threshold) of acceleration
methods in the life tests of secondary rechargeable batteries to
reduce test period. The practical applications of the acceler-
ated life tests include cylinders of a pneumatic system [9],
pump motor assembly [10], and blower motor of an automo-
bile [11].

A brazed plate heat exchanger (BPHE) was developed from
the conventional plate heat exchanger (PHE) out of the need
for a compact PHE under high pressure and temperature [12].
BPHEs have the highest level of thermal efficiency and dura-
bility in a compact size. Similar to gasket PHE, BPHE is
composed of a series of corrugated metal plates but without
the gaskets, tightening bolts, frame, or carrying and guide bars
[12]. The corrugated plate design has extremely high heat
transfer coefficients, enabling a more compact design. The
unit’s stainless steel plates are vacuum brazed together to
make a produce a piece that can withstand high pressure and
temperature. BPHEs offer a number of advantages: a sealed
and gasket-free construction, compactness, high temperature
and pressure capability, and high thermal efficiency. These
advantages make BPHEs ideal for industrial oil cooling; re-
frigerant evaporators and condensers; and residential and light
commercial heating, ventilation, and air conditioning (HVAC)
systems [12].

Bogaert and Boles [13] investigated BPHEs, defining the
thermal and hydrodynamic performances of BPHEs and com-
paring them in terms of the hydraulic diameter parameter.
Stasiek et al. [14] provided typical experimental results of the
heat transfer and pressure drop of BPHEs for various geome-
tries and Reynolds numbers and compared these results with
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Table 1. Specifications of a test sample.

Number of heat plates 10 ea.
Heat transfer area 0.275 m®
Rated pressure 4.5 MPa
Internal volume 0.24/0.3 L
Rated temperature 130°C
Material Stainless steel

literature data. Ayub [15] presented a literature survey on gas-
ket PHEs and new correlations between evaporative heat
transfer coefficient and friction factor. Mencke et al. [16] pre-
sented an overview of BPHESs and their applications and com-
pared the performance of BPHEs with those of shell-and-tube
and coaxial heat exchangers. Han et al. [17] provided experi-
ment results of evaporative heat transfer and pressure drop in
BPHEs with different refrigerants and chevron angles. Longo
[18] presented the experimental heat transfer coefficients and
pressure drops measured during different vaporizations inside
BPHEs.

The main purpose of this paper is to predict the life cycles
of BPHEs under normal use conditions based on several ac-
celerated life test data. For this purpose, accelerated life tests
were performed twice. Accelerating stress in the first acceler-
ated life test is the pressure cycle. In the second test, pressure
cycle and fluid temperature are the accelerating stresses. Sec.
2 introduces the structure of the BPHE used in this study, its
failure modes and mechanisms, and its test equipment. Sec. 3
presents the accelerated life test plans for BPHESs. Sec. 4 pre-
sents basic theory of Weibull distribution and accelerated life
models as well as statistical results of the analysis of several
accelerated life test data. The representative parameters of the
lifetime distribution and the accelerated life model for BPHESs
are estimated from combined accelerated life test data. The
characteristic life and B, life cycles under normal use condi-
tions are also predicted using the representative parameters.
Sec. 5 states some concluding remarks.

2. Failure analysis of brazed plate heat exchanger

A BPHE consists of a series of thin corrugated metal plates
that are brazed together to improve heat transfer efficiency. It
consists of stainless steel plates and two reinforced plates. The
plates are brazed together in a vacuum furnace to form a com-
pletely pressure-resistant unit. The two fluids flow in separate
channels. One fluid flows in the odd-numbered channels,
whereas the other flows in the even-numbered channels. Only
one fluid temperature is considered in the life test. The struc-
ture and specifications of the BPHE used in this paper are
shown in Fig. 1 and Table 1. The material of the BPHE is
stainless steel, which possesses advantages in terms of anti-
corrosion property, strength, and manufacturability.

The typical failure mode of a BPHE is fluid leakage. The
leakage is generally induced by deformation, crack, breakage
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Fig. 2. Breakage of the brazed part obtained from accelerated life test.

of the brazed part and deformation, and breakage of the heat
plate. Fig. 2 shows breakage of the brazed part after acceler-
ated life test was finished. Reinforced plate and nozzle are
structurally strong and robust to the pressure and temperature.
However, the heat plate, which is made of thin materials with
chevron pattern to improve heat transfer efficiency, can be
easily deformed by stress factors. The bonding strength of the
brazed part decreases at high fluid temperature. The loads
applied on the heat plate and brazed part are high under high
pressure. Thus, lifetime of BPHESs decrease at high fluid tem-
perature and under high pressure.

Table 2 summarizes the failure modes and mechanisms of
BPHEs. The equipment for the BPHE life test consists of a
typical hydraulic power unit, with pilot solenoid valve, relief
solenoid valve, and solenoid valve for removing residual pres-
sure to apply pressure cyclically. It also includes oil heater and
extra air-cooled oil cooler to maintain a constant oil tempera-
ture. Fig. 3 shows the equipment for the BPHE life test.

3. Accelerated life test plans

The results of Sec. 2 shows that the main failure mode of
BPHE:s is the leakage by structural breakage. The typical ac-
celerating stresses on the life of an industrial heat exchanger
are pressure cycle and fluid temperature [19, 20]. Between the
two accelerating stresses, the pressure cycle is the most sig-
nificant stress contributing to the main failure mode of BPHEs.
Pressure cycle test is conducted according to SAE J1597 [19].
Pressure is initially increased from zero to the test pressure
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Table 2. Failure modes and mechanisms for BPHEs.

Component Function Failure mode Failure mechanism
Heat plate Heat exchanger, ﬂqw path, Deformation Heat/fatigue

pressure refaining Breakage Shock/fatigue/freeze
Deformation Shock/fatigue
Brazed part Brazing, flow path, pressure retaining Crack Heat/fatigue
Breakage Shock/freeze

Reinforced plate Pressure retaining Deformation Heat/shock/fatigue

Nozzle Inlet, outlet Crack Fatigue
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Fig. 4. Stress loading method for pressure cycle and fluid temperature.

and then maintained for five seconds at such level before
dropping it to zero where it is maintained for another five
seconds at zero. The next accelerating stress is fluid tempera-
ture. Fig. 4 shows accelerating stress loading method for pres-
sure cycle and fluid temperature.

Random BPHE samples have been tested under several dif-
ferent stress levels. The level of applied stresses should not be
high enough to induce different failure modes (or failure
mechanisms) that might occur under normal use conditions [4,

21]. The stress levels of pressure cycle are 4.5, 5.5, and 6.5
MPa. Design pressure of BPHEs considered in this paper is
4.1 MPa, and pressurized test is generally performed at 110%
(about 4.5 MPa) of the design pressure. This pressure is used
in the closest stress level to the normal use conditions. The
higher stress levels are determined in 1 MPa increments.
Moreover, a failure mode of the sample obtained from the
pretest at 6.5 MPa is verified to be the same as the one under
normal use conditions. In the case of fluid temperature, 60, 75,
and 90°C are selected as stress levels considering normal use
conditions and test equipment situations.

Sample size is an important factor that affects test cost, ca-
pacity of test equipment, test time, and accuracy of estimates
[2]. The sample size for each stress level is set to five in this
paper for practical reasons. The lifetime of BPHEs is usually
given in the number of cycles, and one cycle in this paper is
equal to 10 seconds. Periodic monitoring is performed to
check for failure. A life cycle of a BPHE sample can be de-
fined as the amount of time until leakage. The lifetime data of
a BPHE are called interval-censored data, which, however,
reflect an uncertainty as to the exact times the products failed
within an interval [21]. In this paper, life cycles are used in-
stead of interval-censored data for convenience.

4. Statistical analysis of several accelerated life test
data

4.1 Lifetime distribution and accelerated life models

The two-parameter Weibull distribution is by far the most
widely used distribution for lifetime data analysis [22] and is
the most common distribution in mechanical engineering
fields [23]. Thus, it is assumed that the life cycles of BPHEs
follow Weibull distribution. The cumulative distribution func-
tion of Weibull distribution is written as Eq. (1):

v
F(t)=1-exp —(] , t>0 (1)
n

where f > 0 is the shape parameter, and # > 0 is the scale pa-
rameter as well as the characteristic life. When £ > 1, the fail-
ure rate increases with time; for 0 < § < 1, the failure rate de-
creases with time. The value f determines the shape of the
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distribution as described by the physics of failure, and the
value 7 is a measure of durability that can vary depending on
the material [22].

The inverse power law (IPL) model (or relationship) is
commonly used for nonthermal accelerated stresses, such as
pressure, voltage, electrical current, humidity, pressure cycle,
thermal cycle, vibration, load, and so on. The equation of the
IPL model [24] can be expressed as follows:

1

L)=—r.
AV

A>0 )

where L represents a quantifiable life measure (The character-
istic life of Weibull distribution), 7 is the nonthermal stress
level, and 4 and n are model parameters to be determined. The
parameter # is a measure of the effect of the nonthermal stress
on the lifetime and is the accelerating index of nonthermal
stress. A large value of n indicates a high degree of nonther-
mal stress dependence.

If the temperature and the nonthermal stress (Pressure cycle
in this paper) are applied simultaneously in a test, the tempera-
ture—nonthermal model is used. This model is given by [24]

__c
AT

V" .exp| ——4
p[ - j

where T is the absolute temperature in Kelvin (K), £, and C
are the model parameters to be determined. The £ is a Boltz-
man’s constant (k= 8.6171 x 10 eV/°C) and E, is the activa-
tion energy in electron volt (eV) [2]. The higher the activation
energy is, the longer the lifetime is.

One of the important concepts of accelerated life test is ac-
celeration factor (4F), defined as the ratio of a lifetime under
normal use condition to that at test stress level. The AF of
Weibull distribution can be expressed as AF = Ly/Liy =
Nuse/ Neest» Where 77yg. and 7, are the scale parameters of Weibull
distribution under normal use condition and at test stress level,
respectively.

L(V,T)= C>0 3)

4.2 Case 1: Pressure cycle stress

The first accelerated life test is performed only with the
pressure cycle stress. Accelerated life model is considered for
this case is the IPL model. The life cycles obtained from the
three stress levels are listed in Table 3. Fluid temperature of
case 1 is set to 50°C. Start and end cycles in Table 3 denote
cycles at the start and end of the interval when the failure oc-
curred.

In accelerated life tests, the failure mode of BPHEs is as-
sumed to remain unchanged while stress increases from nor-
mal use conditions to the highest stress level. As the failure
mode of BPHEs is reflected by the shape parameter f of
Weibull distribution, the shape parameter at each stress level

Table 3. Life cycles for case 1 test.

4.5 MPa 5.5MPa 6.5 MPa
Sample
No. Start End Start End Start End
cycle cycle cycle cycle cycle cycle
1 84620 90180 41490 | 42531 10134 | 11224
2 90180 90565 44170 | 45009 | 12990 | 13334
3 100139 | 108131 | 45009 | 46161 | 20538 | 20953
4 108131 114819 | 52630 | 54948 | 28652 | 28923
5 136343 | 140502 | 58547 | 59751 | 30950 | 31408
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Fig. 5. Life-pressure cycle relationship plot for case 1 (from ALTA 7).

should be the same, which means 5, = 5, = ;. Equality test of
shape parameters is conducted to confirm the consumption.

In this paper, likelihood ratio test is used to compare the
shape parameters of three different stress levels. The value of
the likelihood ratio test statistic 7" is equal to 4.4548 for case 1
and is less than or equal to the chi-square (4.6052). Thus, the
shape parameter estimates do not differ statistically at 10%
significance level.

From the statistical analysis of the life cycles for case 1,
maximum likelihood estimates of f, 4, and n are 4.775,
1.9929 x 10 and 4.0529, respectively. Statistical analysis
and graphical presentation of life cycles are done in ALTA
and MINITAB software. Fig. 5 shows the life—stress (Pressure
cycle) relationship plot of the life cycles obtained from case 1.
The scale parameter of BPHEs under normal use conditions is
obtained as 7, = 584507 life cycles by substituting V' = 3.0
MPa into Eq. (2).

4.3 Case 2: Fluid temperature and pressure cycle stresses

The second accelerated life test is performed with two
stresses, namely, fluid temperature and pressure cycle. The
accelerated life model considered for case 2 is the tempera-
ture—nonthermal model. The life cycles obtained from the five
stress levels are listed in Table 4.

The value of the likelihood ratio test statistic T"is equal to
4.8261 for case 2 and is less than or equal to the chi-square
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Table 4. Life cycles for case 2 test.

Table 5. Test conditions considered in case 3.

Seﬁg’ le Flu:jrzeézlcp;:ra Pres(sl\lj[r;a(;ycle Start cycle End cycle Case Group tempe]:ilrltll(je C) Pres(sl\ljlr;ac)ycle Sample size
1 90 45 29,897 30,226 1 1 50 45 5
2 90 45 27,256 27,941 1 2 50 55 5
3 90 45 35,177 38,219 1 3 50 6.5 5
4 90 45 33,508 34,733 2 4 90 45 5
5 90 45 30,376 30,873 2 5 90 55 5
6 90 55 31,413 31,912 2 6 90 6.5 5
7 90 55 28,585 28,999 2 7 75 6.5 5
8 90 55 32,602 33,560 2 8 60 6.5 5
9 90 55 30,637 31,413
10 90 55 20,904 21,957
11 90 6.5 8,074 8,521
12 90 6.5 10,414 11,090 Life vs Stress
1.000E+
13 90 6.5 15,641 16,016 Life
14 90 6.5 13,701 14,361 Data 1 reNonTH
15 90 6.5 10,030 10,414 EreRe
16 75 6.5 12,478 12,992 :%S'L?;"
17 75 6.5 17,768 18,741 1000000.000] A o e
18 75 6.5 12,478 12,992 34815
19 75 6.5 18,437 19,452 363750°¢ Fef
20 75 6.5 9,298 10,030 & Rrpoced par
21 60 6.5 15,641 16,016 j\ D D
2 60 6.5 13,974 14,557 100000.000
23 60 6.5 10,655 11,580 V 4
24 60 6.5 18,506 19,127
25 60 6.5 19,648 21,305

(7.7794). Thus, the shape parameter estimates do not differ
statistically at 10% significance level. From the statistical
analysis of life cycles for case 2, maximum likelihood esti-
mates of f, C, E,, and n are 42511, 1.1887 x 10% 0.0106, and
2.4734, respectively. Figs. 6 and 7 show life—stress (Fluid
temperature, pressure cycle) relationship plots of life cycles

obtained from case 2. Based on the E, value of 0.0106 and Fig.

6, fluid temperature stress does not largely affect the life cy-
cles of BPHEs.

The scale parameter of BPHESs under normal use conditions
is obtained as 7, = 114,684 life cycles by substituting 7 =
323.15 K (50°C + 273.15) and V= 3.0 MPa into Eq. (3).

4.4 Case 3: Combination of cases 1 and 2

The results of cases 1 and 2 show that pressure cycle is
more important than fluid temperature. The predicted scale
parameters of the two cases are significantly different from
each other. The life cycles of cases 1 and 2 are combined for a
more accurate analysis. Table 5 shows the test conditions in
case 3, and the groups in Table 5 are based on each test condi-
tion. Weibull probability plots of all groups are shown in Fig.
8, and the slope of group 3, shape parameter £, differs greatly
from those of other groups. Thus, life cycles of group 3 are
excluded from the subsequent analysis.

Accelerated life model considered for case 3 is the tempera-
ture—nonthermal model as well. The value of the likelihood
ratio test statistic 7" is equal to 5.3154 for case 3 and is less
than or equal to the chi-square (10.6446). Thus, the shape

10000.000
300.000

316.000 332.000 348.000 364.000380.000
Fluid Temperature

Fig. 6. Life—fluid temperature relationship plot for Case 2 test (from ALTA 7).
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Fig. 7. Life—pressure cycle relationship plot for Case 2 test (from ALTA 7).

parameter estimates do not differ statistically at 10% signifi-
cance level. From the statistical analysis of the life cycles for
case 3, maximum likelihood estimates of f, C, E,, and n are
4.216, 96281, 0.1667, and 3.9173, respectively. Figs. 9 and 10
show the life—stress relationship plots of the combined life
cycles for cases 1 and 2. Based on the results, both fluid tem-
perature and pressure cycle stresses affect the life cycles of
BPHE:s.
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Fig. 9. Life—fluid temperature relationship plot for case 3 (from ALTA 7).

The scale parameter of BPHESs under normal use conditions
is obtained as #,, = 517374 life cycles by substituting 7 =
323.15 K and V= 3.0 MPa into Eq. (3).

Based on the three cases, Table 6 presents the estimated pa-
rameters of Weibull distribution and accelerated life models
for BPHEs. Table 6 also provides the predicted scale parame-
ters (Life cycles) under normal use conditions. According to
the estimated results of n, E,, £, and 7., case 3 can be consid-
ered the most meaningful case.

Consequently, both fluid temperature and pressure cycle
stresses affect the life cycles of BPHEs. The accelerating in-
dex of pressure cycle n and the activation energy E, in the
temperature—nonthermal model are estimated as 3.9173 and
0.1667, respectively.

For most failure mechanisms in electronic components, the
activation energy is in the range of 0.3 eV to 1.5 eV [3]. Thus,
the activation energy of the BPHE:s is relatively low, but var-
ies according to failure mechanisms and product types. Fluid
temperature is identified as a relatively insignificant stress on
the BPHES.

The AF between the scale parameters under normal use
conditions (50°C and 3.0 MPa) and at 90°C and 6.5 MPa is

M.-S. Chang et al. / Journal of Mechanical Science and Technology 29 (6) (2015) 2341~2348

Table 6. Summary of test results based on the three cases.

Parameter Case 1 Case 2 Case 3
A 1.9929x10° - -
C - 1.1887x10° 96,281
n 4.0529 24734 39173
E, - 0.0106 0.1667
s 4.7750 4.2511 4.2160
Huse 584507 114684 517374
Life vs Stress
1000000.000 Life
Data 1
Temperature-NonTh
Weibull
323.15|3
F=35 | S=0
Eta Line
4.5
A FEta Point
—= Imposed Pdf
5.5
A Eta Point
= Imposed Pdf
g 6.5
.y A Eta Point
D -= Imposed Pdf
D
/
10000.000 V
1000.000
3.000 10.000
Pressure Cycle

Fig. 10. Life—pressure cycle relationship plot for case 3 (from ALTA 7).

AF = Lyse _ Nuse

Loy Miest

[ .5j3'9”3 0.1667 E 1 1 j
=l 7= -exp - )
3. 8.6171-1075\323.15 363.15

=20.6728x1.9337 =39.975.

N

Such AF value implies that testing a BPHE at 90°C and 6.5
MPa for one hour is equivalent to testing the BPHE at 50°C
and 3.0 MPa for about 40 hours.

The shape parameter described by the failure mode of
BPHEs is 4.216, and the scale parameter under normal use
conditions of 50°C and 3.0 MPa is predicted to be 517374 life
cycles. Using the estimates of the shape and scale parameters,
By life cycles of BPHESs can be estimated as follows:

Big =n-{~In(1-0.1)}""# = 303,383 life cycles.

5. Conclusions

This paper presented a life prediction method based on two
accelerated life test data for BPHEs. The conclusions of this
study are as follows:

- The leakage by structural breakage is identified as the

main failure mode of BPHEs.

- The accelerating stresses affecting the life cycles of

BPHEs are fluid temperature and pressure cycle. Accord-
ing to the analysis results, pressure cycle is a more sig-
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nificant accelerating stress.

- Combining two different sets of accelerated life test data
provides a more accurate analysis.

- The representative parameters of the final selected tem-
perature—nonthermal model are as follows:

* Accelerating index of pressure cycle (n): 3.9173.
* Activation energy (E,): 0.1667.

- The shape parameter of Weibull distribution for BPHEs is
4.216.

- The characteristic life and the B, life under normal use
conditions of 50°C and 3.0 MPa are predicted to be
517374 and 303383 life cycles, respectively.

- Above all, the valuable data on the BPHESs, namely, S, n,
E,, and life cycles (Characteristic life and B, life) under
normal use conditions based on the test results were ob-
tained. These data are especially useful for reliability
qualification tests.

Accelerated life tests are generally performed under con-
trolled conditions in a laboratory. Thus, field data on BPHEs
are necessary to verify the validity of the accelerated life test
results.
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