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ABSTRACT: Both ﬂuidized sand baths and steam chambers have been used to heat laboratory reactors, in particular for studies
of biomass pretreatment. In this study, several aspects of the heating performance of these devices were compared: time to heat
reactors to reaction temperature, the stability of reactor temperature, and the convection coeﬃcient. The convection coeﬃcient
was determined using correlations and multiple analyses of empirical data. On the basis of the results presented in this study, the
steam chamber can heat reactors to temperature in a tenth of the time sand baths can, can maintain a more stable temperature
during pretreatment, and has a convection coeﬃcient one to two magnitudes greater than that of the sand bath. Therefore if heat
transfer is critical, a steam chamber is advantageous.

■

Since hr is only signiﬁcant at T > 600 °C, it was considered
negligible in this study. One correlation for hg developed by
Martin is14−16

INTRODUCTION
Heating laboratory reactors can be accomplished by a wide
variety of devices. The choice of heating system is often
dictated by the available equipment. A current ﬁeld of research
is the development of a pretreatment to alter the composition
and/or structure of lignocellulosic biomass such as poplar for
rapid and eﬀective enzymatic hydrolysis as part of the eﬃcient
production of ethanol from cellulose and hemicellulose.1
Pretreatments using water at elevated temperatures have been
shown to be eﬀective2−11 and have been conducted in batch
reactors heated in a ﬂuidized sand bath7,9 or more recently in a
96 well plate heated in a steam chamber12 with improved
penetration of the heat transfer ﬂuid into the interstices
between wells. This new heating device prompted an
investigation into the diﬀerences in heat transfer in the
traditional ﬂuidized sand bath and the novel steam chamber
in order to determine the optimal choice. Consequently, the
objectives of this study were to compare (1) the time for
reactors to reach reaction temperature in each device, (2) the
temperature stability of the reactors during pretreatment, and
(3) the convection coeﬃcients that would describe heat
transfer in each device.

Nug =

kg

= 0.009Ar 0.5Pr 0.33
(2)

The Archimedes number, Ar, and the Prandtl number, Pr, are
deﬁned in the Supporting Information.
The associated particle convective component developed by
Martin is14−16
Nu p =

hpd p
kg

= (1 − ε)z(1 − e−N )
(3)

where ε is the bed voidage. The characteristic group for particle
convection, z, and the nondimensional contact time, N, are
deﬁned in the Supporting Information.
Molerus et al. developed an alternative prediction of the
average heat transfer coeﬃcient in a ﬂuidized bed:17,18
Nu =

■

CALCULATION OF CONVECTION COEFFICIENTS
The convection coeﬃcient, h, which depends on ﬂuid
properties, surface geometry, and ﬂow conditions13 can be
calculated with an appropriate correlation or from experimental
data.
Calculation of Convection Coeﬃcient from Literature
CorrelationsSand Bath. The convection coeﬃcient from a
gas ﬂuidized bed to a solid rod can be calculated as the sum of a
gas convective component, hg, a particle convective component,
hp, and a radiative component, hr.14−16
hSB = hr + hg + hp

hg d p

=

hSBl′
kg
0.125(1 − εmf ){1 + 33.3( 3 β1 β2)−1}−1
1 + β3{1 + 0.28(1 − εmf )2 β1−1β2 2β41.5}
+ 0.165Pr 1/3β4 (1 + 0.05β1−1)−1

(4)

The parameters l′, β1, β2, β3, and β4 are deﬁned in the
Supporting Information.
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Finally, Zabrodsky’s correlation predicts the maximum heat
transfer coeﬃcient in a ﬂuidized bed from particle diameter and
density and the thermal conductivity of the gas:18,19
hSB,max = 35.7ρp0.2 kg 0.6d p−0.36

−k rod

hSC

τ∞* =

(7)

ln θ* = −

Bi =

The following initial value and boundary conditions apply for a
rod in the sand bath at T∞:
∂T
∂r

(11)

=0

−k rod

∂T
∂r

r = r0

= h(T (r = r0 , t ) − T∞)
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hr0
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(21)

∞

θ* =

∑ K n exp(−ζn2Fo)J0 (ζnr*)
n=1

(22)

J1(ζn)
2
2
ζn J0 (ζn) + J12 (ζn)

(23)

where

(12)

Kn =

ζn

(13)

αrodt
r0 2

(19)

Analytical Solution. The initial value problem of heating a
rod in the sand bath deﬁned by Supporting Information eqs
S14−S17 can be solved precisely13 using dimensionless
variables:

Equations 9−12 are rewritten in terms of the following
dimensionless variables in the Supporting Information:
T − T∞
θ
=
θ* =
θi
Ti − T∞

∂T
∂t

The convection coeﬃcient can be determined from the slope of
a plot of ln θ* as a function of time. This method is known as
the lumped capacitance model, and the error associated with
neglecting the radial temperature gradient is generally small if13

(9)

(10)

(18)

Using the dimensionless temperature, eq 13, and substituting A
= 2πr0L for an inﬁnite cylinder and V = πr02L, eq 19 integrates
to

For an inﬁnite cylinder (∂T/∂x = 0) with a symmetric
temperature proﬁle (∂T/∂ϑ = 0), constant krod, ρrod, and cp,rod,
and no energy generation within the rod (q̇ = 0), eq 8 simpliﬁes
to

T (r , t = 0) = Ti

(17)

T (t ) − Ti
τ∞
= ∞
T∞ ,ss − Ti
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−hA s(T − T∞) = ρrod Vc p,rod
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∂T
= ρrod c p,rod
(8)
∂t

r=0

(16)

where T∞,ss is the steady state temperature of the steam
chamber. The steam chamber initial value problem is rewritten
in dimensionless variables in the Supporting Information.
These initial value problems can be solved several ways as
described in the following sections.
Lumped Capacitance Method. If the conduction rate is
signiﬁcantly larger than the convection rate, the rod’s radial
temperature gradient is negligible and the energy balance on
the entire rod is13

(6)

Experimental Determination of Convection CoeﬃcientsThe Energy Balance. The temperature gradient in a
metal rod with radius r0 that develops along the radius as the
rod is heated from a uniform temperature Ti can be determined
from an energy balance on a diﬀerential volume within the
rod:13

1 ∂⎛
∂T
∂T ⎟⎞
⎜k
= ρrod c p,rod
rodr
∂t
∂r ⎠
r ∂r ⎝

= h(T (r = r0 , t ) − T∞(t ))

T − Ti
τ
=
T∞ ,ss − Ti
τi

τ* =

where
H v′ = H v + 0.68c p,l(Tsat − Tsurf )

r = r0

Two new dimensionless temperature variables are deﬁned:
(5)

Calculation of Convection Coeﬃcient from Literature
CorrelationsSteam Chamber. The convection coeﬃcient
associated with the laminar ﬁlm condensation of steam on the
outer surface of a horizontal tube can be estimated as13
⎡ gρ (ρ − ρ )k 3H ′ ⎤1/4
v
v l
⎥
= 0.729⎢ l l
⎢⎣ μ l (Tsat − Tsurf )drod ⎥⎦

∂T
∂r

J1(ζn)
J0 (ζn)

= Bi =

hr
ks

(24)

If the Fourier number, Fo, is greater than 0.2, eq 22 can be
approximated by the ﬁrst term and thus the time dependence of
the centerline (r* = 0) temperature can be written as
α
ln θ* = − ζ12 2 t + ln K1
r0
(25)

(14)

(15)

Equations 9−11 also apply to a rod in the steam chamber.
However, since steam is injected into the steam chamber as the
rod is heated, the temperature of the surroundings, T∞, is a
function of time; therefore, the boundary condition at r = r0
must be modiﬁed to

Inspection of eqs 24 and 25 reveals that the convection
coeﬃcient can be determined from the slope of the plot of ln
θ* as a function of time. Iteration is required in order to reach
agreement between the slope and intercept of eq 25. Due to the
B
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The thermocouple rods were heated using the same heating
procedures used to heat reactors for biomass pretreatment.21
The copper thermocouple rod was attached to the Digi-Sense
DualLogR Thermocouple Meter and placed in a wire basket.
The sampling interval of the Digi-Sense DualLogR Thermocouple Meter was set to one second. The sand bath was heated
to 182 °C. Data collection was initiated, and then the basket
and thermocouple rod were placed in the sand bath
horizontally. The rod was left in the sand bath until the
centerline temperature of the rod was constant for 40 to 120 s;
the rod was then cooled in a 20 °C water bath. In total, three
runs with each rod were performed in the sand bath, alternating
between the copper and steel thermocouple rods.
The steel thermocouple rod was then inserted in the steam
chamber. The boiler was preheated to an output pressure of
861 kPag, corresponding to a saturated steam temperature of
180 °C. The chamber walls were preheated by introducing
steam to the chamber for approximately one minute. The ﬂow
of steam to the chamber was then stopped, and the steam in the
chamber was released to atmosphere. The chamber was then
ﬂooded with cooling water for approximately one minute and
then drained. After cooling, the steel thermocouple rod and
steam chamber thermocouple were attached to the Digi-Sense
DualLogR Thermocouple Meter, and the data sampling interval
was set to one second. Data collection was initiated, and steam
was introduced to the steam chamber. The temperature of the
rod and steam were recorded as a function of time. Once the
centerline temperature of the rod had been constant for 50 to
140 s, the ﬂow of steam to the chamber was stopped, the steam
ﬂashed, and cooling water was introduced into the chamber.

more complex boundary conditions for the initial value
problem of the steam chamber, Supporting Information eqs
S18−S21 cannot be easily solved analytically.
Finite Diﬀerence Solution. The initial value problems can
also be solved using ﬁnite diﬀerence methods and nonlinear
ﬁtting. By using a nonlinear least-squares solver, such as
MATLAB’s20 lsqcurvef it, and a ﬁnite diﬀerences solver, such as
MATLAB’s pdepe, a convection coeﬃcient that minimizes the
sum of the squares of the residuals between calculated and
experimental temperature proﬁles can be determined. The
initial guess for the convection coeﬃcient is obtained using the
approaches described in previous sections.

■

MATERIALS AND METHODS
Thermocouple Rod. Two thermocouple rods (D = 12.7
mm, L = 150 mm) were used to determine the convection
coeﬃcients. A 3.17 mm K-type thermocouple (0.125-K-316-U10″-T3-6 ft, Wilcon Industries, Lake Elsinore, CA) was inserted
76.2 mm into each rod along the centerline. The external
portion of the thermocouple was insulated with Teﬂon tape.
One rod was made of copper alloy 145 (9100K143, McMaster
Carr, Santa Fe Springs, CA) and the other of stainless steel 316
(1305T171, McMaster Carr, Santa Fe Springs, CA). The
surfaces of the rods were not modiﬁed in any way; both were
smooth to the naked eye without any obvious pitting. The
physical properties of the two metals are listed in Supporting
Information Table S1.
Pretreatment Reactors. Custom batch reactors constructed from stainless steel piping with an outer diameter of
12.7 mm and a length of 150 mm were used for biomass
pretreatment in related studies.21 The reactors were sealed
using threaded caps (SS-810-C, Swagelok, San Diego, CA).
One reactor was prepared with a thermocouple (0.062-K-U-4″T3-10 ft TF/TF-MP, Wilcon Industries, Lake Elsinore, CA)
inserted along the centerline.
Heating Apparatus. The ﬁrst heating apparatus was a 4kW model SBL-2D ﬂuidized sand bath (Techne, Princeton,
NJ). The diameter of the bed was 0.23 m; at rest the height of
the bed was 0.33 m. Air to ﬂuidize the bed was provided to the
base of the bed at a rate of 5.2 m3/h at 20 °C. The density,
thermal conductivity, and heat capacity of sand were assumed
to be 1515 kg/m3, 0.27 W/(m·K), and 800 J/(kg·K),
respectively.13 The surface weighted mean diameter and
uniformity of the sand particles were determined to 0.134
mm and 0.262, respectively, using a Mastersizer2000 (Malvern
Instruments Ltd., Malvern, U.K.).
The second heating apparatus was a custom-built steam
chamber. A detailed description of this chamber was provided
by Studer et al.12 The chamber was constructed from oﬀ-theshelf 1 MPa rated ﬁttings. The central chamber, accessed
through a ball valve, has an outer diameter of 102 mm and a
length of 0.61 m and is connected to a steam boiler (FB-075-L,
Fulton Companies, Pulaski, NY) and cooling water. The
temperature of the chamber was measured by a K-type
thermocouple located near the steam inlet to the chamber
(Wilcon Industries, Lake Elsinore, CA).
Methods. During pretreatment experiments, the reactor
temperature was monitored by connecting the reactor
thermocouple to a Digi-Sense DualLogR Thermocouple
Meter (15-176-96, Fisher Scientiﬁc, Pittsburgh, PA). Data
was transferred from the meter to a computer using an infrared
adapter (EW-91100-85, Cole Parmer, Vernon Hills, IL.

■

RESULTS AND DISCUSSION
Reactor Heating Time. An important measure of the
heating performance of the sand bath and steam chamber is the
time for a bundle of 10 mL stainless steel pretreatment reactors
to reach the desired reaction temperature, which in a recent
study was 180 °C.21 The average time to reach 178 °C in the
sand bath was 3.10 ± 0.35 min while the average heat-up time
in the steam chamber was 0.39 ± 0.10 min. This reduced
heating time reﬂects the better heat transfer properties of steam
relative to ﬂuidized sand while the reduced standard deviation
of the heating time in the steam chamber is a reﬂection of the
immutable physical properties of steam.
Stability and Consistency of Reactor Temperature.
Another important aspect of heating during pretreatment is the
stability of the temperature during the reaction. Representative
sample temperature proﬁles from a pretreatment in the sand
bath and in the steam chamber are shown in Figure 1.21 This
ﬁgure demonstrates that there was less variation in the
temperature of the reactors during a run when the steam
chamber was used reﬂecting the temperature stability of the
surroundings. The ﬂuctuations in the sand bath temperature are
due to the on/oﬀ response of the TC-8D temperature
controller (Techne, Princeton, NJ), while the boiler pressure
and thus steam chamber temperature was more stable because
of a subtler controller response. In addition, it is likely that
conditions within the sand bath are not completely
homogeneous, thus increasing temperature ﬂuctuations.
Sand Bath Convection CoeﬃcientCalculated by
Correlation. The sand bath convection coeﬃcient was
predicted with the correlations developed by Martin, Molerus
et al., and Zabrodsky.14,15,17,19 The physical properties of air
were evaluated at atmospheric pressure at 182 °C. The bed
C
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to a plot of the natural logarithm of the nondimensional
temperature as a function of time multiplied by −2/
(ρrodr0cp,rod), the ﬁrst calculation of the convection coeﬃcient
from sand bath experimental data was completed using the
lumped capacitance method, eq 20. A sample plot using data
from the copper thermocouple rod is shown in Figure 2. The

Figure 1. Temperature proﬁles of nine tube reactors during
pretreatment at 180 °C for 69.9 min in the ﬂuidized sand bath
(solid line) and steam chamber (dotted line). The inset is a
magniﬁcation of the same data from 10 to 75 s.

voidage at minimum ﬂuidization and operating conditions was
estimated to be 0.38 and 0.59, respectively, from force balances
on the bed.14,21 Sensitivity analyses in which relevant variables
were changed by ±25% were conducted for each correlation.
The convection coeﬃcient of the sand bath at 182 °C was
calculated to be 453 W/(m2·K) using the Martin correlation,
eqs 1−3.14,15 The sensitivity analysis showed that changes in
the particle size, bed voidage at minimum ﬂuidization, sand
density, accommodation coeﬃcient, sand heat capacity, or
conductivity changed the prediction of the convection
coeﬃcient by less than 15%. Increasing the experimental
Martin14,15 constant to 4 resulted in a convection coeﬃcient of
just 295 W/(m2·K), but as C was validated for a wide range of
operating conditions15 it is unlikely that Martin’s recommended
value of 2.6 is invalid. Twenty-ﬁve percent variation in bed
voidage resulted in 28% decrease in the predicted convection
coeﬃcient; therefore, a second sensitivity analysis of the
variables inﬂuencing the calculation of bed voidage was
conducted. A ±25% variation in sand and air density, particle
size, air viscosity, and superﬁcial velocity resulted in 0.10−13%
changes in the bed voidage indicating that a 25% adjustment in
bed voidage is unlikely and thus a large variation in the
convection coeﬃcient is also unlikely.
The convection coeﬃcient of the ﬂuidized sand bath at 182
°C was estimated to be 228 W/(m2·K) based on the Molerus
correlation.17 The ±25% sensitivity analysis showed that
changes in sand properties, bed voidage, and bed voidage at
minimum ﬂuidization alter the prediction of the sand bath
convection coeﬃcient by 0.6−11%. The Molerus prediction of
the convection coeﬃcient is approximately half that predicted
using Martin’s equations.14,15 However, as will be shown below,
the Martin correlation14,15 more closely matches the convection
coeﬃcients predicted empirically; therefore, in this study, it
appears that the Martin correlation14,15 is the better choice.
The maximum convection coeﬃcient of the ﬂuidized sand
bath at 182 °C was determined to be 535 W/(m2·K) with the
Zabrodsky correlation,19 which is comparable to the prediction
by the Martin14,15 correlation. The ±25% sensitivity analysis
demonstrated that inaccuracies in the particle size, particle
density, or gas conductivity change the estimate of the
maximum possible convection coeﬃcient by less than 16%.
Sand Bath Convection CoeﬃcientCalculated by
Lumped Capacitance. By ﬁtting a linear regression model

Figure 2. Dimensionless centerline temperature of the copper
thermocouple rod (run 2) in the sand bath as a function of modiﬁed
time. By the assumption of lumped capacitance, the slope of the line is
equal to the convection coeﬃcient (eq 20).

average convection coeﬃcients and associated standard
deviation from three runs with the copper and steel
thermocouple rods were 381 ± 18 W/(m2·K) and 365 ± 4
W/(m2·K), respectively. Because the associated Biot numbers
were 0.0063 and 0.17, respectively, the lumped capacitance
assumption was valid only for the copper thermocouple rod.
Sand Bath Convection CoeﬃcientCalculated by
Analytical Solution. The lumped capacitance assumption
proved invalid for the steel thermocouple rod; therefore, the
rod’s radial temperature gradient was accounted for by using eq
25 as shown in Figure 3. Since the slope and intercept of this
model are both dependent on ζ1, as deﬁned by eqs 23 and 24,
iteration was required to reach agreement between eqs 23, 24,
and 25. By this analysis, the average convection coeﬃcient and
associated standard deviation from three runs with the copper
and steel thermocouple rods were 374 ± 23 W/(m2·K) and 392
± 4.7 W/(m2·K), respectively. As with the lumped capacitance
approach, the results from the copper and steel thermocouple
rod are in close agreement.
Sand Bath Convection CoeﬃcientCalculated by
Finite Diﬀerences Solution. The initial value problem
posed by eqs 9−12 was also solved numerically. The solutions
obtained in the previous sections were used as initial guesses for
the convection coeﬃcient; initial guesses bracketing these
values were also used. The equations were solved using three
diﬀerent increment sizes in the radial direction: 0.1, 0.01, and
0.001.
Table 1 summarizes the convection coeﬃcients for run 1
with the copper thermocouple rod for each initial guess using
each radial mesh. Thus, it can be seen that the calculated
convection coeﬃcient only changed by 0.66% as radial mesh
size was decreased from 0.1 to 0.001, demonstrating there is
little beneﬁt in further decreasing the radial mesh. The
convection coeﬃcient for the remaining runs was calculated
using a mesh size of 0.001. It can also be seen from Table 1 that
D
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Martin and Zabrodsky correlations predict convection coeﬃcients up to 31% greater than the convection coeﬃcients
calculated from experimental data. This could reﬂect the
inﬂuence of the steel basket used to lower the thermocouple
rod into the sand bath. The steel thermocouple rod was used in
order to reproduce reactors used for biomass pretreatment
while the copper thermocouple rod was used to minimize the
radial temperature gradient. The convection coeﬃcients
calculated using data from the copper thermocouple rod
agree with the convection coeﬃcients calculated using the steel
thermocouple rod. This is as expected since the convection
coeﬃcient represents the heat transfer from the sand bath and
should only be inﬂuenced by rod geometry and bed conditions.
Steam Chamber Convection CoeﬃcientCalculated
by Correlation. The convection coeﬃcient for the steam
chamber was estimated as a function of time using eq 6, with
the results plotted in Figure 4. The properties of the vapor and

Figure 3. Dimensionless centerline temperature of the copper
thermocouple rod (run 2) in the sand bath as a function of
dimensionless time. Initial linear ﬁt of eq 25 to the data (a). Linear ﬁt
of eq 25 to the data after iteration to reach agreement between eqs 23
and 24 (b).

Figure 4. Convection coeﬃcient of steam chamber predicted with eq 6
as a function of time. □, run 1; ◇, run 2; ○, run 3.

the initial guess does not inﬂuence the ﬁnal convection
coeﬃcient; thus, the convection coeﬃcient for subsequent runs
was calculated using the solutions from the previous sections.
The average convection coeﬃcients from three runs using
the copper and steel thermocouple rods were determined, using
a ﬁnite elements analysis with a radial mesh of 0.001, to be 366
± 8.6 W/(m2·K) and 375 ± 6.7 W/(m2·K), respectively. There
was a mere 2.3% diﬀerence in these values.
Comparison of Calculated Sand Bath Convection
Coeﬃcients. With the exception of the Molerus correlation,17
the calculated sand bath convection coeﬃcients cover a
relatively narrow range of 365 W/(m2·K) to 481 W/(m2·K),
providing conﬁdence that the true convection coeﬃcient of the
sand bath is within this range. It is interesting to note that the

the enthalpy of vaporization were evaluated at the steam
temperature, and the properties of the saturated liquid were
evaluated at the ﬁlm temperature. The ﬁlm temperature was
assumed to be the average of the steam and centerline
temperature. The convection coeﬃcients estimated in this
manner ranged from approximately 10428 W/(m2·K) to 26576
W/(m2·K), an extremely large variation. The correlation
predicted an increase in the convection coeﬃcient with
increasing time due to the increase in the enthalpy of
vaporization with increasing steam temperature and a decrease
in the diﬀerence between the steam chamber and thermocouple
rod temperature.
Steam Chamber Convection CoeﬃcientCalculated
by Lumped Capacitance. The ﬁrst attempt to estimate the
convection coeﬃcient was based on the assumption of lumped

Table 1. Convection Coeﬃcients from the Finite Diﬀerences Approximation Solution for Copper Rod Run 1
source of initial guess

initial guess, h0
(W/(m2·K))

h for Δr = 0.1
(W/(m2·K))

h for Δr = 0.01
(W/(m2·K))

h for Δr = 0.001
(W/(m2·K))

Molerus correlation17
lumped capacitance
analytical solution
Martin correlation14,15
Zabrodsky correlation19

1
198
389
398
436
481
1000

369
369
369
369
369
369
369

368
368
368
368
368
368
368

367
367
367
367
367
367
367

E

havg
(W/(m2·K))
368
368
368
368
368
368
368

±
±
±
±
±
±
±

1.1
1.1
1.1
1.1
1.1
1.1
1.1

dx.doi.org/10.1021/ie301869a | Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

Industrial & Engineering Chemistry Research

Article

Comparison of Calculated Steam Chamber Convection Coeﬃcients. The calculated steam chamber convection
coeﬃcients ranged from 1508 W/(m2·K) to 26576 W/(m2·K).
The results could be improved if the design of the steam
chamber could be modiﬁed so that the chamber could reach a
steady state temperature prior to the heating of the steel
thermocouple rod. This would create a steady state boundary
condition and reduce the solution of Supporting Information
eqs S18−S19 to that of Supporting Information eqs S14−S17.
However, implementation of such a system would be very
challenging.
Comparison of Convection Coeﬃcients of Sand Bath
and Steam Chamber. Both the sand bath and steam chamber
use a ﬂuid to transfer heat from resistance heaters to
thermocouple rods or reactors; the convection coeﬃcient of
each system reﬂects the eﬃciency of this transfer. Calculated
convection coeﬃcients of the steam chamber were at least 1
order of magnitude larger than the calculated sand bath
convection coeﬃcients. Inspection of eqs 1−3 and Supporting
Information S1−S3 reveals that the sand bath convection
coeﬃcient increases with the heat capacity of sand and air, as
well as the thermal conductivity of air, while inspection of eqs 6
and 7 shows that the steam chamber convection coeﬃcient
increases with the heat capacity and thermal conductivity of
saturated liquid water, as well as the enthalpy of vaporization.
From Supporting Information Table S5 it is clear that the
thermal conductivity and heat capacity of saturated liquid water
in the steam chamber is substantially higher than that of air and
sand in the ﬂuidized sand bath. And, of course, the enthalpy of
vaporization of water is very high at 2257 kJ/kg. Thus the high
thermal conductivity, heat capacity, and enthalpy of vaporization of steam all contribute to the high steam chamber
convection coeﬃcient.

capacitance. Since the steam chamber temperature was not
constant, the lumped capacitance method cannot be accurately
applied, but the result does provide an initial guess to the ﬁnite
diﬀerences solution. The steady state steam chamber temperature, 180 °C, was used to calculate a convection coeﬃcient of
1508 ± 288 W/(m2·K), with the corresponding Biot number of
the rod determined to be 0.71. This large Biot number
indicated there was a radial temperature gradient within the
thermocouple rod and that the lumped capacitance approach is
invalid.
Steam Chamber Convection CoeﬃcientCalculated
by Analytical Solution. A second initial guess for the ﬁnite
diﬀerences solution was determined by applying the analytical
solution, eqs 23−25, assuming a constant steam chamber
temperature of 180 °C. The average convection coeﬃcient was
found to be 2097 ± 583 W/(m2·K).
Steam Chamber Convection CoeﬃcientCalculated
by Finite Diﬀerences Solution. In order to determine the
steam chamber convection coeﬃcient by the ﬁnite diﬀerences
approach, an equation describing the steam chamber temperature as a function of time was needed. This equation must
have the properties described by Supporting Information eqs
S22−S24; accordingly, the following function was used:
T = f (t ) = a + b exp( −t /c)

(26)

Parameters a, b, and c were determined for each run using the
dimensionless variables deﬁned by eqs 14 and 17. No solution
that minimized the sum of the squares of the residuals was
found as this value was shown to be an asymptotic function of
the convection coeﬃcient. To address this, the previous
approach was modiﬁed to determine a convection coeﬃcient
that would match the predicted time to reach 178 °C, tpred,178,
to the experimental time, texp,178, using MATLAB’s fzero
function. Run 1 is used as a representative example; two
possible roots, 365 and 1080 W/(m2·K), were calculated, and
the experimental and predicted temperature proﬁles for each
root are plotted in Figure 5. Neither root adequately describes
the system, with the result that the ﬁnite diﬀerences method
provided no usable values of the steam chamber convection
coeﬃcient.

■

CONCLUSIONS

■

ASSOCIATED CONTENT

The heat transfer by two heating systems, a ﬂuidized sand bath
and a steam chamber, were compared as part of the Wyman
lab’s biomass pretreatment research. There were signiﬁcant
diﬀerences in the heating performances of the two systems. The
steam chamber heated pretreatment tube reactors to 178 °C in
approximately a tenth of the time it took the sand bath to do so,
reﬂecting the improved heat transfer from the heat transfer
medium to the reactors. The temperature of the pretreatment
reactors in the steam chamber was also more stable than the
temperature of the pretreatment reactors in the sand bath,
likely due to better temperature control and more constant
medium temperature.
The convection coeﬃcient of each device was determined
from data collected using custom-designed thermocouple rods.
Analysis of the data by multiple approaches indicated that the
convection coeﬃcient of the steam chamber was 1 to 2 orders
of magnitude greater than that of the sand bath.
Overall, because the heat transfer performance of the steam
chamber was superior to that of the sand bath in all aspects, a
steam chamber should be utilized for critical heat transfer
experiments.
S Supporting Information
*

Figure 5. Comparison of dimensionless experimental centerline
temperature of the steel thermocouple rod in the steam chamber to
those predicted for convection coeﬃcients of 385 W/(m2·K) (solid
line) and 1090 W/(m2·K) (dotted line) as a function of dimensionless
time.

Variables associated with the Martin and Molerus correlations,
statements of initial value problems associated with the heating
of the sand bath and steam chamber in dimensionless variables,
and requirements of the function describing the steam chamber
F
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temperature as a function of time. Tables summarizing the
physical properties of copper and stainless steel (the
thermocouple rod materials) as well as sand, air, and saturated
liquid water at 180 °C are also supplied. This information is
available free of charge via the Internet at http://pubs.acs.org/.
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