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ABSTRACT: Pool boiling heat transfer and critical heat flux (CHF) were experimentally studied in 
subcooled temperatures ranging from 0oC  to 20oC  and under transient power conditions. A chrome-
aluminum-iron alloy wire was used as the heating element. The heating rate in the test section was 
increased linearly depending on time by applying voltage control for 1s to 1000s. The transient boiling 
heat transfer coefficient (TBHTC), transient wire superheat temperature, transient heat flux and transient 
CHF were also obtained. The results showed that in the case of all subcooled temperatures and periods, 
the TBHTC increased in the nucleate boiling region because of the growth, separation, motion and 
turbulence of the bubbles. The TBHTC also decreased in the transition from nucleate boiling to film 
boiling because some part of the wire covered by temporary thin vapor film. The TBHTC again increased 
in film boiling due to the increment of radiation heat transfer. The TBHTC decreased in the second part 
of the film boiling due to the heat flux and the vapor film thickness around the wire had increased. 
Relative to the saturation condition, the timely average of the wire superheat temperature for subcooled 
temperatures of 10oC  and 20oC , respectively, decreased by 9.23% and 9.29% in the nucleate boiling 
region and in a time period of 1000s.
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1- Introduction
A time study of the boiling phenomenon at different 

times shows the complexities and importance of such a 
phenomenon. Images of the transient boiling phenomenon 
captured, for example, several heat transfer regions in 
nucleate boiling depending on vapor generation [1].  As the 
surface temperature is increased, the vapor structures are 
changed through a sequence of initially discrete bubbles, 
vapor columns, vapor mushrooms, and finally vapor patches 
[2]. Despite the need for a rapid heat transfer, as in 0.25-0.5 
seconds [3], most studies have not taken the heating rate into 
account and have instead investigated the steady state mode 
[4-6]. The investigation into the steady state of, for example, 
the heat transfer time was not considered during the boiling 
process of a liquid, and the heat flux increased regardless of 
time. The time factor has become especially important in the 
necessity of rapid heat transfer in various applications such 
as nuclear reactors [3, 7-9], electronic cooling equipment [10, 
11], heat exchangers [12], and etc. Due to the many differences 
of steady state or transient conditions [13], the form of the 
boiling phenomenon changes depending on the different 
applications and transient times and should be investigated like 
any other test at the desired time. Despite the extensive work 
present on the boiling heat transfer, much is still unknown 
about its physical mechanisms. Numerous analytical [14, 15] 

and numerical [16, 17] studies have been carried out on this 
subject. The transient boiling of water and other liquids [18-
20] under different kinds of the heat flux function has been 
investigated since the 19th century. The effects of transient 
power (heat flux), heat flux enhancement function and 
subcooling on the boiling heat transfer have been studied in 
previous experiments [1]. Heat flux enhancement functions 
include exponential [7, 21-24], quadratic [25], stepwise 
[18, 26, 27], ramp-wise [27, 28] and square-wave pulses 
[29]. Most of these studies were carried out in pool boiling 
conditions using wire [22, 24, 30], ribbon [13] and plate-type 
[7] heaters. Some forced convection studies also exist for tube 
[27], ribbon [31] and wire [32, 33] heaters. Li et al. performed 
steady and transient pool boiling experiments on a horizontal 
cylinder in a pool of ion-exchange-distilled water at pressures 
of 20 kPa to 101.6 kPa [23]. Due to an exponential increase 
in the heating inputs, the transient CHF for subcoolings 
ranging from 0 to 40 K were measured in exponential periods 
that ranged from 20s down to 10ms at atmospheric and sub-
atmospheric pressures. Park et al. used a 1.0-mm diameter 
horizontal cylinder immersed in various liquids to measure 
the CHF levels that occurred due to exponential heat inputs at 
varying periods [21]. Their photographic study helped them 
identify two main mechanisms of CHF, one of which starts 
at steady-state CHF upon fully developed nucleate boiling, 
which is due to a time lag of the hydrodynamic instability 
(HI), and the other, which due to the explosive process of *Corresponding author’s email: faghih@yazd.ac.ir
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heterogenous spontaneous nucleation (HSN) occurs at a 
certain HSN superheat in originally flooded cavities on the 
cylinder surface. Su et al. presented an investigation of the 
transient pool boiling heat transfer phenomenon in water at 
atmospheric pressures and under exponentially escalating 
heat fluxes on plate-type heaters [7]. They used exponential 
power escalations with periods ranging from 5 to 100ms and 
subcoolings of 0, 25 and 75K. They observed an onset of 
nucleate boiling (ONB) conditions. Their results suggested 
that the onset of nucleate boiling temperature and heat 
flux increase monotonically by decreasing the period and 
increasing the subcooling temperature. Kim et al. used a 
high-speed infrared thermometry technique called DEPIcT  
to investigate the nucleate boiling phenomena under various 
surface heat flux conditions [34]. Their results for the liquid–
vapor phase distribution on a boiling surface showed the 
formation, coalescence, and dynamic behaviors of dry spots 
on a boiling surface; as the surface heat flux increased, 
the frequency and density of the dry spots significantly 
increased as well. Visentini et al. investigated transient 
boiling in order to better understand the influence of power 
excursions and to characterize the phases of the rapid boiling 
phenomenon [35]. Using semi annulus testing, they were able 
to synchronize the wall temperature measurement and flow 
visualization to characterize and analyze the heat transfer for 
the different boiling regimes: nucleate boiling, CHF and film 
boiling. Sharma et al. conducted pool boiling experiments 
for sandblasted stainless steel (grade 316) plate heaters 
submerged in deionized (DI) water and water-based zinc–
oxide nanofluid.  They increased the power quadratically 
with time for transient heat flux conditions. [25]. Increasing 
the heat flux of the experiments from zero amount of heat 
flux to CHF in short time frames of 1, 10 and 100s increased 
the transient CHF for DI water to more than that of the steady 
state CHF, and decreasing the transient duration increased 
the CHF. The present study aims to thoroughly analyze the 
transient saturated and subcooled pool boiling results such 
as temperature, heat flux, Transient Boiling Heat Transfer 
Coefficient (TBHTC) and CHF at atmospheric pressure and 
at three subcooled temperatures of o0 C , o10 C and o20 C
. The surface heater is a chrome-aluminum-iron alloy wire 
immersed in a DI water that was heated by increasing the 
electrical current. The input voltage was linearly increased 
over a period of time and heat flux generated in the heater 
changed approximately as the  second-order polynomial 
function of time. Transient periods range from long times 
such as 1000 s (quasi-steadily) to shorter time periods 
such as 1 s (rapid boiling). While many other studies have 
investigated the effects of boiling characteristics on shorter 
periods. Also, their heat flux functions were exponential, step 
wise and ramp wise while this paper focuses on time periods 
greater than 1 s and second order polynomial function.  This 
research is also among the few studies in which the boiling 
process is initiated by the first regime (free convection) and is 
continued until the final boiling regime (film boiling).

2- Experimental Facilities and Procedure
All components required for the experiments are shown in 

Fig. 1. A cylindrical pyrex vessel of 150 mm in diameter and 
250 mm in height is used as the boiling vessel. The vessel 
was selected as the boiling cell. A hot plate with a temperature 
controller is used to keep the working fluid temperature 

at saturation condition and subcooled conditions. The 
temperature of the bulk of water remains constant with the 
use of thermocouple and hot plate all the times at o0 C , o10 C
and o20 C , but the temperature of the water that is very close 
to the wire surface increases with increasing the heat flux 
and subcooled boiling was started. A plexiglass circle is used 
to prevent outer disturbances from entering the vessel and 
keep copper electrodes in position. A condenser cooled by a 
refrigerated circulating bath and placed on top of the vessel 
is used to return evaporated water to the vessel. The water 
level is kept constant during the boiling process. Two copper 
electrodes of 12 mm in diameter and 300 mm in height are used 
to keep the wire in position and guide the electrical current to 
the heater wire. This electrode is covered by shrink wrap to 
prevent oxidized and copper oxide from entering the DI water 
during the boiling process. A chrome-aluminum-iron wire of 
0.15 mm in diameter and 65 mm in length is used as heater. 
Chrome-aluminum-iron alloy wire is firmly placed into two 
copper electrodes by two stainless steel washers. Before 
testing, the resistance-temperature coefficient is obtained 
through separate experiments, in which an LCR meter is used 
to measure the resistance and the hot plate to the rising engine 
oil temperature. For this purpose, the engine oil temperature 
is gradually increased by the hot plate, and the wire resistance 
is then measured at engine oil temperature. The temperature 
and resistance data is then moved from o20 C to o140 C , and 
the relationship between them is obtained [1].Joule heating 
was used to design and build the electrical power and control 
circuits for this research. A power electrical circuit is required 
to provide the amount of power demanded by the control 
electrical circuit and the ability to choose the power and time 
periods in the tests. A direct current power supply (GPC-
3060D, Gwinstek co., Ltd) is used to increase the linear input 
power to the wire. A precision standard shunt of 40m Ω  is 
used to measure the current. An amplifier circuit is designed 
and built to put the electric current signal in the range of 
the High-speed Data Acquisition System (HDAS) [1]. In 
order to supply the amplifier circuit with 15 V± , two power 
supplies (Hy3020, Huayi electric co., Ltd) are considered.
The instantaneous current passing through the wire heater (
I ) and the associated potential drop across the wire heated 
length ( V∆  ) are jointly measured for each experiment and 
then used to calculate the wire heater temperature denoted 
by ( )wT t  (see Eq. (2)) [1]. In order to smoothen the data 
and reduce the noise associated with the extremely fast data 
measurement, potential drop data were used to fit the desired 
function in the MATLAB software, V∆  and the current data 
was averaged over fixed time periods, I :

ΔVR =
I
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where α  is the resistance-temperature coefficient for the 
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chrome-aluminum-iron alloy wire measured at 0.000686 /℃  
.The immediate heat flux is varied in time as the voltage 
delivered by the power circuit varies linearly with time, going 
from 0 to 50 V in 0t  seconds, with 0t  characterizing the rate 
of the heat flux increase. Thus, the voltage through the heater 
changed into 

050 /V t t= , and the power generated in the heater 
is changed into (approximately) the second-order polynomial 
function of time. Six values of 0t  (time frame of linear 
voltage ramp from 0 to 50 V) were explored in this paper: 

0t =1, 10, 100 and 1000 s. Since the transient tests lasted for 
a short amount of time, they required high data acquisition 
rates. For this purpose, the voltage and current of the heater 
is read and saved on a personal computer by an Advantech 
PCI-1716 card with 250 kHz and 16-bit accuracy. Data was 
recorded every 2.8 milliseconds using the Advantech PCI-
1716. A different steady state method is used to determine 
the heat flux (for that time period) transferred to the fluid. 
The total power is obtained by I V∆ ; a part of it is dissipated 
in the heater by the Joule effect and the rest of it transmitted 
to the surrounding fluid. The energy was stored in the wire at 
a rate of w

w pw
dTC
dt

ρ . The rate of change wT was approximated 
by the finite difference of o0 C ; where wT∆ is the difference 
between two consecutive values of T wire, and t∆  is the time 
difference between these measurements [1]. The immediate 
heat flux to the fluid is then calculated by

w
w pw

w

dTv I Vq c
A v dt


 

= − 





  
(3) 
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The TBHTC value can be calculated from the heat flux 
and the wire superheat temperature (

0wwT T T∆ = − ) through 
the following equation:

 
w
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The method proposed by Moffat [36] is used for the 
uncertainty analysis. The voltage accuracy of data card at the 

10V±  range is 0.05 V. The measured ripple of the input signal 
by oscilloscope was less than 5 mV. The shunt accuracy is 
0.1% and the temperature coefficient of shunt is 0.02% which 
were considered to calculate the current uncertainty. Colis 
instrument was used to measure the wire length and diameter 
that its accuracy is 0.02 mm.  The number of samples is N
, the mean value of quantity x  is defined by Eq. (5) and the 
corresponding type x uncertainty in terms of expected value  
( )xσ  and the standard uncertainty ( )U x  associated with it 

can be evaluated by Eqs. (6) and (7) respectively. The relative 
uncertainty for wire area, wire temperature, current and heat 
flux can be reached by Eqs. (9) to (12) respectively:
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The uncertainties in potential drop, the current and area 
of the wire are calculated to be approximately 0.35%, 0.57% 
and 2.3%, respectively. The uncertainties of the estimated 
wire temperature and heat flux to the fluid are roughly 0.17% 
and 2.31%. 

3- Results and Discussion
3- 1- Validation and repeatability

The experimental results are compared with the Rohsenow 
[37] and Zuber [38] correlations for the steady state boiling 
of DI water shown in Fig. 2. The experimental results in the 
nucleate boiling are in good agreement and closely follow 
the Rohsenow correlation. Also, the obtained CHF amount 
is close to the predicted value of the Zuber correlation [1].  
The Rohsenow and Zuber correlations are used to validate 
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Fig. 1. Schematic of experimental facilities, a) schematic view, b) actual image .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Experimental results of DI boiling water compared with Rohsenow 
correlation [1].
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the nucleate boiling region and CHF value in the empirical 
works, as expressed in the following equations:

 

( )

1
0.5 3

,

fg n
s sf

p l l fg l v

h qT C Pr
C h g


  

  
  =   −  




 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(13)
 

 

( )( )1/4'' 0.50.131CHF fg v l vq h g   = −  

 

 

 

 

(14)

After nucleate boiling, the power continued to increase 
during the transition from nucleate boiling to film boiling and 
film boiling, respectively. In the steady state test, the power 
increase is incremental, and for each step, the voltage value is 
increased by one volt. As shown in the figure, following the 
CHF, the wire superheat temperature of each data increased 
considerably compared to that of the nucleate boiling and free 
convection region. All of the steps for increasing the power 
were, however, equal [1]. Fig. 3 shows the transient boiling 
curve for a period of 1 s [1]. The free convection regime is 
extended to point A to an abnormally more than steady state, 
and the nucleate boiling regime is delayed. According to Htet 
et al. [39], increasing the heat exponentially causes a stretch 
in the free convection regime. The nucleate boiling point is 
started after point A. In fact, the wire temperature rises once 
boiling initiates explosively with nucleate boiling, which 
is simultaneously followed by a rapid increase of the heat 
input. Nucleate boiling is then continued to point B. At this 
point, the boiling curve route is changed, causing an abrupt 
increase in the wire temperature and sending the pool boiling 
into the next regime. The transition from nucleate boiling to 
film boiling is conducted in a short time, largely effecting 
on the pool boiling and heat transfer mechanism (wire 
temperature and heat flux from point B to point C). During 
the transition from nucleate boiling to film boiling, the vapor 

film was formed temporarily around portions of the wire and 
disappeared, momentarily increasing and decreasing the wire 
temperature, bubble departure rate and bubble figure.

Film boiling is started permanently at point C as a very thin 
and stable vapor film around the wire. The wire temperature 
in the film boiling regime is increased by increasing the heat 
flux and preventing any contact with water. The wire is easily 
visible as a glowing red color. As heating continues, the heat 
flux and wire temperature in the film boiling are increased, 
and the high wire temperature is seen in glowing red wire. 
The slope of the film boiling is lowered at point D, and the 
wire temperature is greatly increased by the heat flux from 
thereon, which is due to an increase in the thickness of the 
vapor film around the wire.  The high wire temperature allows 
the larger vapor film to retain its thickness around the wire. 
Also, increasing the thickness of the vapor film decreases 
the amount of heat transfer from the wire to water, and as a 
result, the temperature of the wire is increased further than 
the range between points C and D. As suggested by Sakurai 
and Fukuda [40], semi-direct transition would be assumed to 
occur from non-boiling regime to last regime (film boiling) 
because of the instantaneous levitation of the working fluid 
from the wire surface by the explosive-like HSN. The HSN 
occurs easily at 0 o C [1].

3- 2-  Comparing subcooled DI water conditions
Fig. 4 shows the transient pool boiling for periods of 1 and 

1000 s. The heat flux, wire superheat temperature and TBHTC 
are shown at three different subcooled temperatures of 0‌, 10 
and 20 o C in two groups. These parameters are expressed 
in a time period of 1 s in the first group (left hand), and a 
time period of 1000 s in the second group (right hand). To 
properly display the parameters together, the wire superheat 
temperature is multiplied by 100 and 1000 factors for time 
periods of 1 and 1000 s, respectively. In both groups, the final 
heat flux and the TBHTC are increased, which also increased 
the subcooled DI water because of the higher level of liquid 
subcooling temperature, higher heat flux and TBHTC. The 
higher subcooling temperature needs more heat flux to initiate 
and sustain bubble activity. When the bubbles grow, they 
contact the subcooled bulk working fluid at the liquid-vapor 
interface that causing condensation. The behavior of the wire 
superheat temperature depends on the characteristics of the 
wire material, the heat increase rate and the heat transfer 
mechanism from the wire to the surrounding environment. 
As shown in Fig. 4, the wire superheat temperature curve is 
changed drastically by increasing the degree of the subcooled 
water. In saturation conditions, heat transfer mechanisms are 
observed from free convection to film boiling, but at other 
subcooled water degrees, the transition from the nucleate 
boiling to film boiling regime and the film boiling regime 
are gradually removed. This occurrence can be explained 
that more heat flux is required for each boiling regime 
by increasing the subcooled temperature of the working 
fluid. This causes increasing the amount of heat flux in the 
regimes before the transition regime or film boiling regimes. 
Therefore, more nucleation sites are activated. On the other 
hand, the thickness of superheated layer around the wire 
decreased by increasing subcooled temperature. As a results, 
the bubble growth and separation rate decreased because 
of condensation. This causes that the heat generated is not 
completely transmitted. So, the wire superheat temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Transient boiling curve for period of 1 s [1].
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 Fig. 4.Experimental results of transient boiling for time period 1 s and 1000 s A,D) 00C, B,E) 100C, C,F) 200C .
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suddenly increases and the wire melts at one point. The 
boiling process time for the subcooled temperatures of o10 C
and o20 C  is increased by 7% and 9% in a time period of 
1s and 4% and 30.2% in a period of 1000 s relative to the 
saturation condition, respectively. Therefore, in a constant 
period, duration of the boiling process from free convection 
to film boiling increases as the subcooled degree is increased. 
Timely averaged heat flux at subcooled temperatures of o10 C
and o20 C increased by 11.5% and 16.7% for a period of 1s, 
and 10.1% and 64.3% for a period of 1000 s relative to the 
saturation condition, respectively. The test time and heat flux 
in each group are increased as the subcooled degree increases 
and the wire superheat temperature decreases (except for a 
period of 1s and a subcooled degree of o10 C ). The typical 
pool boiling charts for the four periods at three degrees of 
subcooled water are shown in Figs. 5 and 6, respectively. Fig. 
5 illustrates that the wire superheat temperature at subcooled 
temperatures of o10 C and o20 C in a period of 1s is more than 
the wire superheat temperature at saturation conditions of the 
same heat flux. This is related to the bubble behavior and 
the insufficient enhancement of the boiling heat transfer 
coefficient. The less thickness of superheat layer prevents 
form the bubble growth and separation from wire. Hence, 

the bubble separation frequency and bubble separation 
size decreased. As a result, the TBHTC decreased and wire 
superheat temperature increased. Thus, activation of new 
nucleation sites on the wire is expected to occur much faster 
for high subcooled water during short periods than for low 
subcooled water during long periods. In the long periods, 
the wire superheat temperature is decreased as the subcooled 
temperature increases. 

The timely average of the wire superheat temperature 
in the nucleate boiling regime in a time period of 1000 s is 
decreased by 9.23% and 9.29% relative to the saturation 
condition, respectively, at o10 C and o20 C . Furthermore, at 
any given time period expect at time period 1s, the nucleate 
boiling regime starts earlier if the subcooling of water is 
increased (this trend was seen by Su et al. [7] in the exponential 
escalation of heat inputs). This is because of the rates of heat 
transfer and temperature rise of liquid layer close to the wire 
during heating to end of the free convection regime. This 
causes that the superheat layer was formed. So, the huge 
number of cavities that entrained vapor are rapidly activated 
and produces tiny vapor bubbles. The transient pool boiling 
results for each subcooled temperature is seen in Fig. 6. A 
comparison of the subcooled temperatures shows that nucleate 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

Fig. 5. Transient pool boiling curve for the time period of A)1 s, B)10 s, C)100 s and D)1000 s.
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boiling decreased initially and then increased. Furthermore, 
the results of this figure indicate that the temperature of the 
wire superheat is at its highest in a 1s period and then begins 
to decrease. It’s because of getting away from the HSN and 
increasing the bubble separation frequency. The nucleate 
boiling region in saturation conditions, o10 C  and o20 C  
degrees of subcooled temperature, is not reduced any further 
at the time periods of 100 s, 100 s, and 10 s, respectively, 
and is, rather, increased thereafter. This is the result of two 
simultaneously effect of the long time period and subcooled 
temperatures of working fluid, which increase the number of 
nucleate sites and increase the thickness of superheated layer. 

Fig. 7 shows the TBHTC vs. heat flux for periods of 1, 10, 
100 and 1000 s, in addition to the subcooled temperatures 
of o0 C , o10 C and o20 C  degrees. As shown in Fig. 7, except 
for the 1s period, the TBHTC is higher at the subcooled 
temperature of o20 C  than at the other subcooled temperatures, 
and the TBHTC increases with increasing the subcooled 
temperatures from o0 C  to o20 C  because of the lower body 
temperature of the working fluid than saturation condition. 

The TBHTC of the saturation condition in a 1s period at 
the heat flux of 1.45 2MW / m  is more than the other periods. 
The increase in the TBHTC in the nucleate boiling regime 
in a 1s period for the subcooled temperatures of o10 C and 

o20 C is 28.7% and 53.9% relative to the saturation condition, 
respectively.

Fig. 8 illustrates the results of the CHF for four time periods 
and three subcooled temperatures of water. As can be seen, 
increasing the subcooled temperature of the working fluid 

increases the CHF. The amount of heat flux produced in the 
nucleate boiling regime increased by increasing of working 
fluid subcooled temperature, resulting in a higher heat flux 
at the end of the nucleate boiling. The CHF of the subcooled 
temperatures of o10 C  and o20 C for a 1s period is increased by 
68.1% and 86.5% relative to the saturation condition; while 
this increase for a period of 1000s was 257.7% and 436.7%, 
respectively.

During the increasing period, the CHF decreased and 
reached a minimum initially and then increased. It was 
because of the semi-direct transition would occur from 
the free convection region to the film boiling due to the 
instantaneous levitation of the working fluid from the wire 
surface by the explosive-like HSN. Furthermore, with an 
increase in the subcooled temperature, the minimum CHF 
occurred in a shorter period of time. The wire superheat 
temperature at the CHF is decreased as the time periods for 
all subcooled temperature are increased.

4- Conclusion
Pool boiling heat transfer and CHF in subcooled 

temperatures of o0 C , o10 C and o20 C were experimentally 
studied under transient power conditions. A chrome-
aluminum-iron alloy wire supported horizontally in a pool 
of water was used as the heating element. The heating rate 
in the test section was increased linearly depending on the 
time periods by applying voltage control for 1 s to 1000 s. 
The heat flux is obtained by a second-order function of time. 
The experimental results in nucleate boiling are in good 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 6. Comparison of transient pool boiling curve for subcooled degrees of A) 00C, B) 100C and C)200C  .
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Fig. 7. TBHTC vs. heat flux for the time periods of A)1s, B)10s, C)100s and D)1000s.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Transient CHF results for subcooled conditions of 00C , 100C and 200C . 
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agreement and closely follow the Rohsenow correlation. 
Also, the CHF is in proximity to the predicted value of the 
Zuber correlation. Results showed that the behavior of the 
wire superheat temperature depends on the characteristics 
of the wire material, the rate of the heat increase and the 
heat transfer mechanism from the wire to the surrounding 
environment. The nucleate boiling regime in the 1s period 
and under the subcooled temperatures of o10 C and o20 C
had a TBHTC increase of 28.7% and 53.9% relative to the 
saturation condition, respectively. The CHF of the subcooled 
temperatures of o10 C  and o20 C  was increased by 68.1% and 
86.5% in a period of 1 s, while the increase in a period of 
1000 s was 257.7% and 436.7% relative to the saturation 
condition, respectively. The wire superheat temperature at 
CHFs for each of the subcooled temperatures was decreased 
as the time periods increased. 
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