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Abstract In the present research, an experimental investigation was
conducted to assess the heat transfer coefficient of aqueous citric acid mix-
tures. The experimental facility provides conditions to assess the influence
of various operating conditions such as the heat flux (0–190 kW/m2), mass
flux (353–1059 kg/m2s) and the concentration of citric acid in water (10%–
50% by volume) with a view to measure the subcooled flow boiling heat
transfer coefficient of the mixture. The results showed that two main heat
transfer mechanisms can be identified including the forced convective and
nucleate boiling heat transfer. The onset point of nucleate boiling was also
identified, which separates the forced convective heat transfer domain from
the nucleate boiling region. The heat transfer coefficient was found to be
higher in the nucleate boiling regime due to the presence of bubbles and
their interaction. Also, the influence of heat flux on the heat transfer coef-
ficient was more pronounced in the nucleate boiling heat transfer domain,
which was also attributed to the increase in bubble size and rate of bubble
formation. The obtained results were also compared with those theoreti-
cally obtained using the Chen type model and with some experimental data
reported in the literature. Results were within a fair agreement of 22%
against the Chen model and within 15% against the experimental data.
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1 Introduction

Boiling heat transfer plays a major role in two-phase cooling systems and
power cycles in which high-temperature and high-pressure steam produc-
tion is generated. Boiling heat transfer mechanism includes several impor-
tant subphenomena such as mixed convection-nucleate boiling heat transfer
mechanisms, nucleation of bubbles, bubble formation, bubble growth and
other phenomena. Considering the interaction of the bubbles, the boiling
heat transfer becomes a complex heat transfer mechanism [1]. Boiling oc-
curs when the vapor pressure of a liquid equals to the atmospheric pressure
at its saturation temperature. Hence, a significant amount of heat needs
to be transferred to the bulk of the liquid to push forward the liquid to
enter the vapor phase through the bubble formation [2]. With the forma-
tion of the bubbles, the rate of heat transfer from the liquid to the vapor
phase increases significantly, which is attributed to the phase change heat
transfer and the amount of latent heat transferred between the liquid and
vapour [3]. Therefore, the boiling heat transfer is considered as one of the
potential mechanism for the high heat flux cooling systems [4–6]. However,
there are challenges associated with the use of nucleate boiling heat transfer
in two-phase systems:

1) The thermophysical properties such as heat capacity and thermal con-
ductivity of the liquid materials are low, which results in a reduction
of thermal performance of the system [7] or hinders the high rate of
heat transfer within the bulk of the liquid [4,6,8,9].

2) In conventional single-phase cooling systems, the forced convective
heat transfer is the dominant mechanism of heat transfer, which has
a low heat transfer coefficient for the cases in which the heat flux is
higher than 30 kW/m2 [10–12].

Subcooled boiling is a phenomenon in which the temperature of the liquid
is below its boiling temperature, however, a hot surface is immersed inside
the liquid so that the local temperature of the liquid around the heating
surface can be higher than the boiling temperature of the liquid. Hence,
bubbles form around the heating section. However, the temperature of the
bulk of the liquid is lower than the boiling temperature. Thus, the formed
bubbles condense within the bulk of the liquid [13,14].

Recent studies have shown that subcooled flow boiling can be a suit-
able heat transfer mechanism for industrial applications due to its superior
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heat transfer performance. In fact, removing the high amount of heat
from a high heat flux medium via subcooled flow boiling is technically
feasible since the heat transfer can occur in single or two-phase flow de-
pending on the rate of heat flux applied to the system. However, there are
some unknown phenomena in subcooled flow boiling heat transfer systems
that have stimulated many researchers to conduct more research in this
area. Boiling of liquid mixtures is one of the interesting options since it
integrates the heat and mass transfer between the vapour inside the bub-
ble and the vapour/liquid interface, which makes the phenomenon much
more complicated. Much effort has been made to further develop an in-
sight into subcooled boiling heat transfer of various liquids. For example,
extensive studies have been conducted on pure liquids [15,16], binary and
multi-components fluids [10,11,16–18] and nanofluids (various applications)
[19–27] to develop an insight for better understanding the behavior of the
system. Despite developing some promising models, they are unable to
predict the heat transfer coefficient of subcooled boiling very well. This
is because these models have been developed based on the limited num-
ber of data. Hence, there is a need for further investigations on subcooled
boiling heat transfer to produce more data with a view to develop more
generalized correlations [4–6,9,28–31]. Likewise, some assessments on the
thermal performance of the boiling systems have revealed that the ther-
mal performance of the system is limited to the type of the working fluid
used in the system. This is because conventional fluids such as water or oil
have a relatively poor thermal conductivity and low conductive/convective
heat transfer coefficient. Thereby, researches were redirected to find new
coolants with superior thermophysical properties (e.g., heat capacity and
thermal conductivity) to be used in high heat flux applications. To review
the state-of-the-art works on flow boiling of mixtures, following works in
the literature are recommended [4,11,12,32,33]. According to the literature,
binary mixtures can potentially have good thermal features and two-phase
heat transfer behavior.

Amongst the binary mixtures assessed in the literature, citric acid aque-
ous mixture has been identified to have vast applications in boiler tube
cleaning, hygienic industry and food science [34]. Hence, in the present
work, the subcooled flow boiling heat transfer of aqueous citric acid mix-
tures was experimentally investigated. The influence of various operating
conditions such as the heat flux applied to the boiling surface, the volumet-
ric concentration of the citric acid in water (vol.%) and the mass flow rate
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of the mixture on the heat transfer coefficient of the mixture was experi-
mentally investigated. A visualization was also performed on the bubble
formation with a view to analyze the influence of the heat and mass flux
on the bubble formation in the mixture around the test section.

2 Experimental setup, data reduction and

procedure

2.1 Test rig

Figure 1 presents a schematic diagram of the experimental setup used in
the present research. The test rig consisted of a fluid loop, the main annu-
lar heat exchanger and the measurement instruments. A centrifugal pump
(HP pumps Co., accuracy 1% of the reading flowrate) was utilized to cir-
culate the citric acid-water mixture inside the cooling loop. An ultrasonic
flow meter (accuracy 0.1% of reading) together with a bypass loop was
utilized to measure and control the flow rate of the working fluid inside
the system. The pressure and the temperature of the working fluid at the
inlet and the outlet of the test rig was measured using two K-type thermo-
couples and two pressure transmitters (accuracy: 1% of the reading value),
respectively. The outlet from the annular heat exchanger was cooled with
a heat exchanger connected to a thermostat refrigerant bath with coolant
temperature of 298 K.

The main test section was an annular heat exchanger consisting of a ver-
tical stainless steel 316a rod installed inside a Pyrex tube equipped with
eight thermocouples (Omega, accuracy of 0.1 K) located at various radial
positions including 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2, and 7π/4 to measure
the surface temperature of the rod (see Fig. 2). The thermocouples have
already been used and assessed in previous works and the accuracy of the
reading values has already been validated in the previous publications [35–
41]. To minimize the contact thermal resistance between the thermocouples
and thermowells, a silicone paste with thermal conductivity of 5 W/(mK)
was injected inside the thermowells. By doing this, the air is removed from
the thermowells, while also the contact thermal resistance was minimized.
Likewise, the pipes, valves and joints were heavily insulated with glass wool
to minimize the heat loss from the system to environment. The arithmetic
average of the temperature readings from the eight thermocouples was con-
sidered the initial surface temperature (Tth), which was used to estimate
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Figure 1: A scheme of test loop employed in this research [30].

the real surface temperature (Tw). Notably, the temperature was corrected
because the thermocouples were not mounted exactly on the surface (see
Fig. 2). Hence, the temperature readings from the thermocouples were
amended using Eq. (2).

Also, the arithmetic average of the inlet and outlet temperature of the
test section was considered as the bulk temperature of the citric acid mix-
ture (Tb) [42]. The heat flux applied to the vertical stainless steel was
provided with a cartridge heater placed inside the center of the stainless-
steel rod. The gap between the heater and the rod was filled with silicone
paste to minimize the thermal resistance. The voltage and current of the
cartridge heater was maintained with an auto transformer (Emersun Co.
3000 Watt) equipped with an accurate multimeter to estimate the power
of the cartridge heater.
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All the thermocouples, the flow meter and the pressure sensors were
connected to a data logger National Instrument (frequency of 1 kHz, 16
channels). The data logger was connected to a computer to process the
data.

Figure 2: A schematic representation of the rod used in the present research [35].

Figure 2 represents the detailed specifications and geometrical properties of
the annular heat exchanger. The diameter and length of the glass tube were
100 mm and 127 mm, respectively. The reason for using a glass tube was to
enable one to take picture from the boiling phenomena and also the bubble
formation. Likewise, the diameter and the total length of the stainless-steel
pipe on which the boiling occurs were 21 mm and 130 mm, respectively.
However, the boiling occurs on 100 mm of the vertical stainless-steel pipe
(from the top side).

To capture the interaction of the bubbles and also to better understand
the influence of the heat flux on the formation of the bubbles, a high-speed
camera (EX-F1 Casio, 1200 frame per second) was employed and positioned
in front of the vertical stainless steel rod to record the bubble interactions
and the bubble formation. Also, a white ballast lighting system was utilized
to provide sufficient light for taking images and to prevent any flickers and
shadows within the images.



Subcooled flow boiling of a citric acid aqueous mixture 199

2.2 Data reduction and uncertainty

The subcooled flow boiling heat transfer coefficient, was calculated the
following equation:

α =
ρV̇ cp (Tout − Tin)

(Tw − Tb)
. (1)

Here ρ is the density of the citric acid-water mixture, V̇ is the volume of
the citric acid-water inside the annular heat exchanger – V̇ = Ahϑ, where
ϑ is the volumetric flow rate of the coolant in the annular space and Ah

is the hydraulic cross section of the annular heat exchanger, which can be
calculated as π(Do −Di)

2/4, in which Do and Di are 100 mm and 21 mm,
respectively, where Do and Di are the outer and internal diameter of the
annulus heat exchanger, respectively. However, in the present research V̇
is directly measured with an ultrasonic flow meter. Also, cp is the heat
capacity, T is the temperature, the subscripts ‘in’ and ‘out’ stand for the
inlet and the outlet of the test section, ‘b’ and ‘w’ stand for the film temper-
ature and surface temperature, respectively. To calculate Tw, the following
equation was used [11,18]:

Tw = Tth − q′′ s

k
, (2)

where q′′ is the heat flux applied to the rod, k is the thermal conductivity
of stainless steel rod, s is the space between the thermocouple location and
the surface of the rod, which is 2 mm (see Fig. 2). The heat flux was also
calculated using the following equation [12,33]:

q′′ = V I , (3)

where, V is the voltage applied to the heater and I is the current of the
heater circuit. The uncertainty of the experiments was estimated using
Kline-McClintock equation [43] with the help of accuracies reported in the
experimental section and Tabs. 1 and 2. As can be seen in Eq. (1), the un-
certainty in the measurement of the heat transfer coefficient can be related
to the errors in measurements of volume flow rate, hydraulic diameter, and
the temperatures as follows:

α = f { V̇ , Ah, (Tout − Tin), (Tw − T b)} , (4)
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δα =

(

[(

∂α

∂V̇

)

δV̇

]2

+

[(

∂α

∂Ah

)

δAh

]2

(5)

+

[(

∂α

∂(Tout − Tin)

)

δ(Tout − Tin)

]2

+

[(

∂α

∂(Tw − Tb)

)

δ(Tw − Tb)

]2
)1/2

,

where α is the subcooled flow boiling heat transfer coefficient, V̇ is the vol-
ume flow rate, Ah is the cross section area of the annulus computed using
the hydraulic diameter, (Dh = 4Ah/P , where P is the wetting area. T in,
T out are fluid temperatures at the inlet and outlet of the annulus, respec-
tively and Tw is the wall temperature of the heating section obtained from
Eq. (2) and temperature readings from the thermocouples (T th). Notably,
for each parameter, δ represents its uncertainty. According to the above
uncertainty analysis, the uncertainty in measurement of the heat transfer
coefficient is 16.23%. The detailed information for the uncertainty analysis
is gathered in Tabs. 1 and 2.

Table 1: Uncertainty of parameters used in the Kline-McClintock method.

Parameters Uncertainty value Unit

δV̇ 0.5×10−3 m3

δAh 2.5×10−9∗ m2

δ(Tout − Tin) 0.3 K

δ(Tw − Tb) 0.3 K

* In calculations, this value is zero.

According to the equation, the uncertainty of the heat transfer coefficient
is 16.2%, uncertainty of the heat flux is 5.6%, uncertainty of heat loss to
environment 4.2%. Any thermophysical properties of the mixtures were
estimated using the correlations introduced in [44].

2.3 Experimental procedure

To conduct the experiments, the pipes, the fluid tank and the pump were
washed with methanol and were flushed with deionized water to remove
any dust and impurities from the test rig. Then, the citric acid mixture
was prepared and loaded into the tank. The flow rate of the pump was set
using bypass cycle and the flow meter. To apply the desired heat flux, the
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Table 2: Summary of the uncertainty analysis related to instruments and devices.

Parameter Uncertainty

Length, width and thickness, [m[ ±5×10−5

Temperature, [K] 0.1

Water flow rate, [lit. min−1] ±1.5% of readings

Voltage, [V] ±1% of readings

Current, [A] ±0.02% of readings

Cylinder side area, [m2] ±4×10−8

Heat flux 5.6%

Mass flux 4.1%

Heat loss* 4.2%

Flow boiling heat transfer coefficient, [W/(m2K)] ±16.2 %

*Obtained with the energy balance between the thermal input from the heater and the thermal
energy exchanged inside the heat exchanger.

voltage was applied to the cartridge heater and the current of the heater
was constantly monitored to avoid surcharge of the heater. A sufficient
amount of time (10 min) was given to the system to reach a uniform and
steady heat flux. Then, the temperature and flow rate were registered via
a data logger. The experiments were conducted at various heat fluxes from
5 kW/m2 to 190 kW/m2, various volumetric concentration of citric acid in
water (10% to 50%) and various mass flux to the annular heat exchanger
(353 kg/(m2s) to 1059 kg/(m2s)). Notably, to be able to conduct a back-
to-back comparison between the data, the temperature of the tank was set
to 353 K during all the experiments. The imaging system was utilised to
take images from the formation of the bubbles at various heat fluxes. No-
tably, to conduct a sensitivity analysis of a given operating parameter, the
other operating parameters were kept constant, while the given operating
parameter changed within the assumed range.

3 Results and discussion

3.1 Effect of heat flux

Figure 3 represents the variation of heat transfer coefficient with heat flux
for various mass fluxes and for 10% volume fraction of citric acid in water.
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As can be seen, with an increase in the heat flux, the flow boiling heat
transfer coefficient nonlinearly increases. Two different regions can also be
identified. The first region in which the heat transfer slightly increases
with the heat flux referred to as ‘the forced convective (FC) heat transfer
domain’. The second domain is referred to as ‘nucleate boiling (NB)’, in
which the heat transfer coefficient significantly increases with an increase
in the heat flux. The enhancement in the heat transfer coefficient is largely
due to the bubble formation and the local agitation due to the bubble inter-
actions. For example, the heat transfer coefficient in the forced convective
domain of heat flux 10 kW/m2 is approx. 1600 W/(m2K), while in the NB
domain, for the same flow rate and of heat flux 100 kW/m2 is approx. 5000
W/(m2K).

Figure 3: Influence of heat flux on flow boiling heat transfer coefficient for 10% citric
acid in water.

As a definition, the onset of nucleate boiling is a point which separates
the forced convective and the nucleate boiling heat transfer domains. At
this point, the heat flux of the system is sufficient to increase the local
temperature of the liquid above its boiling temperature. Hence, the first
bubbles form on the surface, which might not be observable as they form
and collapse within the liquid. This is because the bubble formation rate is
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not high enough to create a column or a jet of the bubbles. However, both
the bubble interactions within the liquid phase and the condensation heat
transfer due to the conversion of the bubbles into liquid intensify the heat
transfer coefficient. Therefore, the heat transfer coefficient after the ONB
point (the nucleate boiling regime) is relatively higher than that measured
before the ONB point (the forced convective heat transfer regime).

For better understanding, Fig. 4 represents the dependence of the heat
transfer coefficient on the applied heat flux for 30% volume fraction and
for various mass fluxes of citric acid-water mixture. As can be seen, the
two heat transfer regions follow different trends as the slope of change
for the FC domain is significantly lower than that observed for the NB
region. Again, with an increase in the heat flux, the heat transfer coefficient
increases and this trend is seen for all other volumetric concentrations of
citric acid in water. Likewise, the ONB (onset of nucleate boiling) point
is clearly identifiable from the figure. Notably, for all the experiments, the
temperature of the tank is kept constant at 353 K. This provides a back-to-
back comparison between the results obtained from the sensitivity analysis
of the operating parameters.

Figure 4: Dominant mechanisms of heat transfer in flow boiling of aqueous citric acid.
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3.2 Effect of mass flow rate (mass flux)

It can be observed in Figs. 3 and 4 that with an increase in the flow rate
(here, mass flux of the citric acid-water mixture), the heat transfer coeffi-
cient of the mixture increased. This behavior was seen for other heat fluxes,
other volumetric concentrations of citric acid in water and also for other
mass fluxes. It was also found that the increase in the mass flux of the
mixture had no influence on the point of onset of nucleate boiling, while
considerably changed the heat transfer coefficient. Notably, the rate of
change in the NB region was relatively higher than that observed in the FC
region. This was attributed to the presence of the bubbles inside the citric
acid mixture, which created sufficient turbulence and also plausible interac-
tions between the hot surface and the bulk of the mixture, thereby showing
significant change in heat transfer coefficient in the nucleate boiling region.

3.3 Effect of volumetric concentration

Figure 5 represents the dependence of heat transfer coefficient on the heat
flux for various volume fraction of citric acid in water in the forced convec-
tive region. As can be seen, with an increase in the volumetric concentra-
tion of the citric acid, the heat transfer coefficient decreases. For example,
at heat flux of 50 kW/m2, the heat transfer coefficient at a 10% volume
fraction is approx. 2050 W/(m2K), while it is approx. 1700 W/(m2K) at
50%. This can be attributed to the mixture effect. In fact, for pure liquids,
boiling is a heat transfer controlled phenomenon, while for mixtures, partic-
ularly binaries, the vapour phase is strictly enriched of the light component.
Since the rate of mass diffusion is much slower than heat diffusion, the mass
transfer of the light component(s) towards the bubble interface becomes the
limiting factor and a portion of the driving force is consumed to overcome
the mass transfer resistance [45–47]. Therefore, an additional temperature
driving force is required for mixtures in comparison with pure liquids to
reach the same thermal performance. Hence, a lower heat transfer coeffi-
cient is reported for the mixtures in the boiling processes. To validate the
results, a rough comparison was conducted between the experimental data
and those theoretically obtained with the help of a Dittus-Boelter equation,
which is illustrated in Fig. 5a. Figure 5b presents the dependence of the
temperature difference between the wall and the bulk temperature of the
working fluid on the heat flux. As can be seen, with an increase in the heat
flux applied to the surface, the temperature difference between the wall
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and the bulk temperature of the liquid increases. The bulk temperature is
set to 353 K for all the experiments. Hence, the minimum and maximum
wall temperature of the surface are 276.05 K and 282.85 K for volumetric
fractions of 50% and 10%, respectively. This is because the heat transfer
coefficient is higher at a 10% volume fraction, which results in better heat
transfer between the surface and the liquid. Hence, the temperature dif-
ference was smaller for a volumetric fraction of 10%. The similar behavior
was also seen for other heat fluxes in the nucleate boiling region.

a) b)

Figure 5: Influence of the volumetric concentration of the citric acid in water on the
heat transfer coefficient in the forced convective heat transfer region: a) heat
transfer coefficient versus heat flux, b) temperature difference versus heat flux.

Figure 6 illustrates the comparison between the results obtained from
the Dittus-Boelter equation and those experimentally obtained in the forced
convective heat transfer region. As can be seen, a good agreement within
a 12.83% margin is reported between the experimental data and those calcu-
lated from the correlations for the forced convective heat transfer domain.
Also, a linear trend for the change in heat transfer coefficient with the
heat flux was observed, which is in line with the results predicted from the
equation.

Figure 7a presents the variation of heat transfer coefficient with the
applied heat flux for the nucleate boiling heat transfer region. As can
be seen, with an increase in the heat flux, the heat transfer coefficient
increased. However, with the increasing volumetric fraction of citric acid
the heat transfer coefficient decreases due to the mixture effect. To validate
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Figure 6: Comparison between the heat transfer coefficients obtained from the Dittus-
Boelter correlation and from the experiment in the forced convective region.

the results, a rough comparison was made between the experimental data
and those theoretically obtained with the Chen type model, discussed in the
following section. Figure 7b illustrates the temperature difference between
the wall and the bulk of the mixture for various heat fluxes in the nucleate
boiling heat transfer regime. As can be seen, for the heat flux ranged from
35 kW/m2 to 85 kW/m2, the temperature difference is within the range of
284.7 K to 291.15 K. It means that the temperature of the wall is well above
approx. 363 K, which is higher than the boiling temperature of the mixture
(355–358 K for volumetric fractions between 10% and 50%). Hence, the
boiling occurs around the surface. Also, it can be seen that the difference
between the wall and the bulk temperature of the liquid is relatively larger
than that observed for the forced convective region showing the plausible
heat transfer occurring in the nucleate boiling heat transfer region. This,
as discussed before, is attributed to the formation of the bubbles around
the surface, which enhances the heat transfer rate from the surface to the
bulk of the liquid.

3.4 Comparison with the Chen model

The Chen correlation is a relatively well-known model to estimate the nu-
cleate boiling heat transfer coefficient for various types of liquids including
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a) b)

Figure 7: Influence of volumetric concentration of citric acid in water on the heat transfer
coefficient in nucleate boiling heat transfer region: a) heat transfer coefficient
versus heat flux, b) temperature difference versus heat flux.

pure and binary mixtures [28]:

αfb = Sαnb + Fαfc . (6)

Here αfc is the forced convective heat transfer coefficient for the single-
phase domain. F is a coefficient that accounts for the apparent increase
in the velocity due to the presence of the vapour and is a function of the
Martinelli parameter. αnb is the pool boiling heat transfer coefficient at
the local wall superheat and can be calculated using any pure liquid pool
boiling predicting correlations. The suppression factor S accounts for the
suppression of the nucleate boiling. The coefficient αnb can be calculated
with the pool boiling correlations. Notably, the pool boiling correlations
over-predict the heat transfer coefficient, hence S is used to neutralize the
over-prediction [42].

To calculate S and F, Coiller fitted the following equations to the graph-
ical relationships for F and S [48]:

F =







1 if 1
Xtt

≤ 0.1 ,

2.35
(

1
Xtt

+ 0.213
)0.736

if 1
Xtt

≥ 0.1
(7)

and

S =
1

1 + 2.53 × 10−6N1.17
Retp

. (8)
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The Martinelli parameter, Xtt, can be calculated from the following equa-
tion:

Xtt =

(

1 − ẋ

ẋ

)0.9
(

ρbf

ρnf

)0.5(
µnf

µbf

)0.1

, (9)

where ρ and µ are the density and viscosity, the substripts bf , nf denote
base fluid and nanofluid. Here

NRetp =
ṁ (1 − ẋ) dh

µnf
F 1.25 , (10)

where ṁ is the mass flow rate of the coolant, ṁ is the local vapour mass
fraction and dn is the hydraulic diameter. Further information on these
equations can be found in [16,38,49]. The local vapour mass fraction is
given as

ẋ = Nph −Nph,n exp

(

Nph

Nph,n
− 1

)

. (11)

Here Nph is the phase change number and is defined as

Nph =
hv − hl , sat

hfg
, (12)

where Nph is a value of the phase change number at a temperature at
which the fluid can be in a two-phase condition, hv , hfg, and hl,sat are the
enthalpy of vapour phase, enthalpy of evaporation and enthalpy of liquid
in saturation temperature, respectively. For the present work, the phase
change number was calculated at 353 K at which bubbles are clear to be
captured with a high-speed camera. Schroder suggested calculating Nph,n

from the following correlation using the boiling, Bo, and Peclet numbers
[38,49]:

Nph n =
−NBo

√

(

455
NPe l

)2
+ 0.0065 2

, (13)

where

NBo =
q̇

ṁ hfg
NPe =

ṁCp,nf dh

λ
, (14)

where q̇ is the heat flux, hfg is the enthalpy of evaporation, Cp,nf is the
heat capacity of nanofluid.



Subcooled flow boiling of a citric acid aqueous mixture 209

The length from the beginning of the test section to the point at which
the phase change number is zero is calculated as

∆L =
−Nph o dh

4NBo
, (15)

Npho =
−Cp,nf (Tsat − Tb)

hfg
, (16)

where Tsat and Tb are the temperatures of saturation liquid and bulk liquid,
respectively.

Using Eq. (16), the phase change number is calculated for the length at
which boiling heat transfer occurs. Then, the characteristic length (∆L) is
calculated from Eq. (15). Having the value of ∆L, the length coordinate for
the actual thermometer position (∆Lt) can be calculated with the following
equation:

∆Lt = ∆L + xth , (17)

where xth is the distance of thermocouple to the surface (position of the
thermocouple). Notably, the boiling phenomenon occurs 0.11 m from the
vertical stainless steel wall. However, the length of the thermocouples was
11 cm, hence xth = 0.01 m. Thus, the phase change number at the ther-
mometer location is:

Nph =
−4NBo × ∆Lt

dh
. (18)

In order to calculate the flow boiling heat transfer coefficient (HTC), two
equations are required for the forced convective and nucleate boiling do-
mains. In the present work, we chose the Gnielinski equation [50] for the
forced convection and Gorenflo correlation [51,52] for the nucleate pool boil-
ing domain. The result of comparison with the Chen model is presented
in Fig. 8. As can be seen, the experimental data are within 22% of the
theoretical ones showing that not only our results are reliable, but that the
Chen type model is a suitable model to predict the heat transfer coefficient
of a mixture.

Figure 8 presents the results of comparison between the experimental
data obtained in the present work and those reported in the literature for
a similar test rig (annular heat exchanger) conducted by Sarafraz et al.
[53,54] and those reported for the binary mixtures of water/ethylene amine
(MEA) and water/ethylene glycol [55,56]. As can be seen, regardless of
the type of working fluid, for the same heat flux and the same operating
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Figure 8: Comparison between Chen correlation’s results and experimental data for flow
boiling heat transfer coefficient.

conditions (e.g., temperature of 353 K), the measured was within the devi-
ation of ±15% against the data available in the literature. This shows the
trustworthiness and reliability of the reported data.

Figure 9: Comparison between the experimental data and those obtained from the liter-
ature.
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(a)

33kW/m2 45kW/m2 78kW/m2 120kW/m2

(b)

Figure 10: Bubble formation at different mass and heat fluxes for a 20% vol. of citric
acid in water: a) various mass fluxes, b) various heat fluxes.
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3.5 Bubble formation

Figure 10 illustrates the images of bubble formation in the nucleate boiling
regime taken from the test section with a high speed camera at 1.200 frames
per second. This camera has previously been used for the boiling tests and
showed a great potential for assessing the high-speed phenomena in med-
ical applications [57–61] and transport phenomena, including the bubble
formation [23,24,62–65]. As can be seen, with an increase in the heat flux,
the bubble formation was intensified. The bubbles were smaller at lower
heat fluxes, while they became large at high heat fluxes. This was because
at higher heat fluxes, the rate of evaporation of the base fluid increased,
hence, more vapour was captured in the bubble resulting in increase in the
mean size of the bubbles. Interestingly, the same behavior was observed at
other flow rates. However, the flow rate slightly changed the rate of bub-
ble formation. This is because at larger flow rates, the boiling microlayer
adjacent to the heating surface was renewed quickly and as a result, the
residence time for the bubbles to form and grow on the surface decreased.
Also, it was found that at larger flow rates, the means size of the bubbles
was smaller. Notably, the same behavior was seen for other volume frac-
tions of citric acid in water.

As mentioned, the bubbles are larger at higher heat fluxes. This can be
attributed to the superior heat transfer rate between the heating surface
and the bulk of the liquid. At higher heat fluxes, more liquid is exposed
to the surface with a higher temperature. Since the surface temperature
is larger than the boiling temperature of the liquid, the rate of the evap-
oration is intensified, which not only increases the size of the bubble, but
also intensifies the heat transfer rate from the surface to the bulk of the
liquid. Please note that the larger bubbles create more agitation and micro-
convection heat transfer, which results in the intensification of the heat
transfer coefficient.

4 Conclusion

An experimental investigation was conducted on the subcooled flow boil-
ing heat transfer of a citric acid aqueous solution at 353 K and following
conclusions have been made:

1. Two distinguishable heat transfer domains with different mechanisms
were identified including the forced convective and nucleate boiling
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heat transfer domains. In the forced convective heat transfer domain,
the heat transfer coefficient was considerably smaller than that ob-
served in the nucleate boiling domain. This was attributed to the
formation of the bubbles in the nucleate boiling regime which en-
hanced the rate of heat transfer from the surface to the bulk of the
liquid.

2. Heat and mass fluxes had a direct influence on the subcooled flow
boiling heat transfer coefficient such that with an increase in the heat
and mass fluxes, the flow boiling heat transfer coefficient increased.

3 It was found that with an increase in the volumetric concentration
of citric acid in water, the heat transfer coefficient was decreased,
which was attributed to the mixture effect and also the mass transfer
resistance. This behavior was seen in both the forced convective and
the nucleate boiling heat transfer regimes.

4. The Chen type model showed a 22% uncertainty against the nucleate
boiling heat transfer coefficient obtained from the experiment, while
the Dittus-Boelter correlation had a fair agreement with the experi-
mental data within 12.83%. Also, a good agreement of 15% between
the data obtained in the present research and those reported in the
literature was obtained.

Received 11 September 2018
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