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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 coeflicient one to two magnitudes greater than that of the sand bath. Therefore if heat
transfer is critical, a steam chamber is advantageous.

B INTRODUCTION Since h, is only significant at T > 600 °C, it was considered
negligible in this study. One correlation for h, developed by

Heating laboratory reactors can be accomplished by a wide _
8 Y p Y Martin is'*~1

variety of devices. The choice of heating system is often

dictated by the available equipment. A current field of research hd
is the development of a pretreatment to alter the composition Nu, = 22 = 0.0094r°P %%
and/or structure of lignocellulosic biomass such as poplar for kg )

rapid and effective enzymatic hydrolysis as part of the efficient
production of ethanol from cellulose and hemicellulose."
Pretreatments using water at elevated temperatures have been
shown to be effective’ ' and have been conducted in batch

The Archimedes number, Ar, and the Prandtl number, Pr, are
defined in the Supporting Information.
The associated particle convective component developed by

; P 7,9 : Martin is"*™*¢
reactors heated in a fluidized sand bath”” or more recently in a
96 well plate heated in a steam chamber'” with improved
penetration of the heat transfer fluid into the interstices Nu, = 2P (1 —e)z(1 —e™)
between wells. This new heating device prompted an kg (3)
investigation into the differences in heat transfer in the
traditional fluidized sand bath and the novel steam chamber where ¢ is the bed voidage. The characteristic group for particle
in order to determine the optimal choice. Consequently, the convection, z, and the nondimensional contact time, N, are
objectives of this study were to compare (1) the time for defined in the Supporting Information.
reactors to reach reaction temperature in each device, (2) the Molerus et al. developed an alternative prediclt;ci{gl of the
temperature stability of the reactors during pretreatment, and average heat transfer coefficient in a fluidized bed:™”
(3) the convection coefficients that would describe heat el
transfer in each device. Ny = B
kg

B CALCULATION OF CONVECTION COEFFICIENTS 0.125(1 — &,){1 + 33.3({/?1&)—1}—1
Th ti fficient, h, which d d fluid = 25-1532,15

e convection coefficient, , which depends on flui U+ A1+ 028(1 — 6,028,782
properties, surface geometry, and flow conditions™” can be
Elalculated with an appropriate correlation or from experimental + 0.165pPr"/ 3,54(1 + O.OSﬂl_l)_1 (4)
ata.

Calculation of Convection Coefficient from Literature The parameters I', f, B, f and p, are defined in the
Correlations—Sand Bath. The convection coefficient from a Supporting Information.
gas fluidized bed to a solid rod can be calculated as the sum of a
gas convective component, hg, a particle convective component, Received: July 18, 2012

o 14-16 : ’
h,, and a radiative component, h,. Revised:  January 15, 2013
_ Accepted: February 26, 2013
hsg = hy + by + Iy (1) Published: March 19, 2013
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Finally, Zabrodsky’s correlation predicts the maximum heat
transfer coeflicient in a fluidized bed from particle diameter and
density and the thermal conductivity of the gas:'®"’

_ 027 064 —0.36

hSB,max = 35.7/)p kg dP (5)

Calculation of Convection Coefficient from Literature
Correlations—Steam Chamber. The convection coefficient
associated with the laminar film condensation of steam on the
outer surface of a horizontal tube can be estimated as'®

, /4
gf)l(ﬂl B pv)klsHV
hge = 0.729
,ul(’I;at - T;urf)drod (6)
where
H‘/I = Hv =+ 0-68Cp,l(’1—;at - ’I;urf) (7)

Experimental Determination of Convection Coeffi-
cients—The Energy Balance. The temperature gradient in a
metal rod with radius 7, that develops along the radius as the
rod is heated from a uniform temperature T; can be determined
from an energy balance on a differential volume within the

rod ax) + q

rod:"3
10 oT 0
Lo 1), s
r oY 0y Ox
(8)

10 ( 0T)

- krodr_ +

r or or
For an infinite cylinder (0T/0x 0) with a symmetric
temperature profile (9T/99 = 0), constant K,o4, Proqr and ¢, 0a

_ oT
= Podprod 5,

and no energy generation within the rod (g = 0), eq 8 simplifies

to

aT

li( oT oT

kos™— | =P iCprod—
ror\ ™ ar) froapirod ot 9)

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

T(r,t=0) =T (10)
I,
or | (11)
_kroda_T = h(T(V =T t) - Too)

r=r, (12)

Equations 9—12 are rewritten in terms of the following
dimensionless variables in the Supporting Information:

g0 _T- T
6 T-T, (13)
% = Fo = aLdt
o (14)
e T
fo (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 = r,
must be modified to
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oT

rod
r=r,

—k = h(T(r =1y t) — T(t))

(16)

Two new dimensionless temperature variables are defined:

T T-T
T = — =

T Too,ss - ’1: (17)
el LT
® T Too,ss - ’I; (18)

where T, 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 is"?

oT
—hA(T - T,) = Vi —
s( oo) prod Cp,rod ot (19)
Using the dimensionless temperature, eq 13, and substituting A
= 2oL for an infinite cylinder and V = 7ry’L, eq 19 integrates

to

2
In 0% = A t

Piod"0%p,rod (20)

The convection coefficient can be determined from the slope of
a plot of In 6* 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 if'?

h,

rod

Bi <0.1

(21)

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

0% = Y K, exp(—=¢, Fo) ], (%)

=1 (22)
where
) L&)
"L 1) (23)
é,nJl(Cn) g
Jo (&) k (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

In6* = -2t + InK,

o (25)

Inspection of eqs 24 and 25 reveals that the convection
coefficient can be determined from the slope of the plot of In
0% as a function of time. Iteration is required in order to reach
agreement between the slope and intercept of eq 25. Due to the
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more complex boundary conditions for the initial value
problem of the steam chamber, Supporting Information egs
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’s* Isqcurvefit, 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 coeflicient is obtained using the
approaches described in previous sections.

B 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-U-
10”-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 con-
structed 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.”’ 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 TE/TE-MP, Wilcon Industries, Lake Elsinore, CA)
inserted along the centerline.

Heating Apparatus. The first heating apparatus was a 4-
kW 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 m*/h at 20 °C. The density,
thermal conductivity, and heat capacity of sand were assumed
to be 1515 kg/m? 027 W/(mK), and 800 J/(kgK),
respectively.'> 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, UK.).

The second heating apparatus was a custom-built steam
chamber. A detailed description of this chamber was provided
by Studer et al."> The chamber was constructed from off-the-
shelf 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-91100-8S, Cole Parmer, Vernon Hills, IL.
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The thermocouple rods were heated using the same heatin%
procedures used to heat reactors for biomass pretreatment.”
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 Thermo-
couple 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.

B 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.*' 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.>' 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 Coefficient—Calculated by
Correlation. The sand bath convection coeflicient was
predicted with the correlations developed by Martin, Molerus
et al, and Zabrodsky."#'¥'”'® The physical properties of air
were evaluated at atmospheric pressure at 182 °C. The bed
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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."**! Sensitivity analyses in which relevant variables
were changed by +25% were conducted for each correlation.

The convection coeflicient of the sand bath at 182 °C was
calculated to be 453 W/(m>K) using the Martin correlation,
eqs 1-3."*"® The sensitivity analysis showed that changes in
the particle size, bed voidage at minimum fluidization, sand
density, accommodation coeflicient, sand heat capacity, or
conductivity changed the prediction of the convection
coefficient by less than 15%. Increasing the experimental
Martin'*"® constant to 4 resulted in a convection coefficient of
just 295 W/(m*K), but as C was validated for a wide range of
operating conditions' 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 coeflicient of the fluidized sand bath at 182
°C was estimated to be 228 W/(m*K) based on the Molerus
correlation.'”” 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 coeflicient by 0.6—11%. The Molerus prediction of
the convection coeflicient is approximately half that predicted
using Martin’s equations.'*'> However, as will be shown below,
the Martin correlation'*'® more closely matches the convection
coefficients predicted empirically; therefore, in this study, it
appears that the Martin correlation'*'> is the better choice.

The maximum convection coefficient of the fluidized sand
bath at 182 °C was determined to be 535 W/(m*K) with the
Zabrodsky correlation,'” which is comparable to the prediction
by the Martin'*"> 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 Coefficient—Calculated by
Lumped Capacitance. By fitting a linear regression model
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to a plot of the natural logarithm of the nondimensional
temperature as a function of time multiplied by -2/
(Prod"oCproa); 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

0.5 T T T T

0.04 1

-0.5 4

-1.01 1

1.5 J

-2.04 J

In((T-TN(T-T,)

-2.54 J
In((T-T (T-T_))=384(-2t/(p,r.C. )

o7 ps

0.004 -0.002 0.000

2t/(pr.c )

S 0 p,S

-3.0 T
-0.008 -0.006

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/ (mZ'K) and 365 + 4
W/(m*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 Coefficient—Calculated 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 (), 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 coefhicient and
associated standard deviation from three runs with the copper
and steel thermocouple rods were 374 + 23 W/(m*K) and 392
+ 4.7 W/(m>K), respectively. As with the lumped capacitance
approach, the results from the copper and steel thermocouple
rod are in close agreement.

Sand Bath Convection Coefficient—Calculated 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 coeflicient; 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 coeflicient 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 coeflicient for the remaining runs was calculated
using a mesh size of 0.001. It can also be seen from Table 1 that

dx.doi.org/10.1021/ie301869a | Ind. Eng. Chem. Res. 2013, 52, 4932—4938
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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).

the initial guess does not influence the final convection
coefficient; thus, the convection coeflicient 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/(m*K) and 375 + 6.7 W/(m*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,"”
the calculated sand bath convection coefficients cover a
relatively narrow range of 365 W/(m*K) to 481 W/(m*K),
providing confidence that the true convection coefficient of the
sand bath is within this range. It is interesting to note that the

Martin and Zabrodsky correlations predict convection co-
efficients up to 31% greater than the convection coeflicients
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 Coefficient—Calculated
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
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Figure 4. Convection
as a function of time.

coefficient of steam chamber predicted with eq 6
0, run 1; <, run 2; O, run 3.

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/(m*K) to 26576
W/(m*K), an extremely large variation. The correlation
predicted an increase in the convection coeflicient 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 Coefficient—Calculated
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

initial guess, h, h for Ar = 0.1

source of initial guess (W/(m*K)) (W/(m*K))
1 369
Molerus correlation'” 198 369
lumped capacitance 389 369
analytical solution 398 369
Martin correlation'*' 436 369
Zabrodsky correlation' 481 369
1000 369
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h for Ar = 0.01 h for Ar = 0.001 hy,
(W/(m*K)) (W/(m*K)) (W/(m*K))
368 367 368 + 1.1
368 367 368 + 1.1
368 367 368 + 1.1
368 367 368 £ 1.1
368 367 368 + 1.1
368 367 368 + 1.1
368 367 368 + 1.1
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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 temper-
ature, 180 °C, was used to calculate a convection coefficient of
1508 + 288 W/(m?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 Coefficient—Calculated
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/(m*K).

Steam Chamber Convection Coefficient—Calculated
by Finite Differences Solution. In order to determine the
steam chamber convection coeflicient by the finite differences
approach, an equation describing the steam chamber temper-
ature as a function of time was needed. This equation must
have the properties described by Supporting Information eqs
§22—824; accordingly, the following function was used:

T=f(t)=a+ bexp(—t/c) (26)

Parameters g, b, and ¢ 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 coeflicient. To address this, the previous
approach was modified to determine a convection coeflicient
that would match the predicted time to reach 178 °C, #4175
to the experimental time, f,s5 using MATLAB’s fzero
function. Run 1 is used as a representative example; two
possible roots, 365 and 1080 W/(m*K), were calculated, and
the experimental and predicted temperature profiles for each
root are plotted in Figure S. Neither root adequately describes
the system, with the result that the finite differences method
provided no usable values of the steam chamber convection
coeflicient.
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Figure S. Comparison of dimensionless experimental centerline
temperature of the steel thermocouple rod in the steam chamber to
those predicted for convection coefficients of 385 W/(m*K) (solid
line) and 1090 W/(m?K) (dotted line) as a function of dimensionless
time.
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Comparison of Calculated Steam Chamber Convec-
tion Coefficients. The calculated steam chamber convection
coefficients ranged from 1508 W/(m*K) to 26576 W/(m*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 SS 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 vapor-
ization of steam all contribute to the high steam chamber
convection coeflicient.

B CONCLUSIONS

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 coeflicient 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.

B ASSOCIATED CONTENT

© Supporting Information

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
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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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