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Abstract−Coal gasification offers a flexible and efficient conversion of the solid fuel into CO- and H2-rich synthetic

gas (syngas) for production of various chemicals and energy products. Since the hot syngas leaving a gasifier contains

various impurities such as acidic gases and particulates, it needs to be cooled down for cleaning prior to conversion

into the final product. A dedicated heat exchanger called a syngas cooler (SGC) is used to lower the gas temperature

while recovering the thermal energy. This study investigated the heat transfer characteristics in a commercial-scale

SGC consisting of a series of concentric helical coil channels. First, the detailed flow and heat transfer pattern in the

unique heat exchanger were analyzed using computational fluid dynamics (CFD) for various operating loads and fouling

conditions. The predicted heat transfer rate was used to derive correlations for Nusselt number for the channel sections

of the SGC. Second, a one-dimensional model of the equipment was proposed for fast-response process simulations.

In terms of heat transfer rate and gas temperature, the process model showed a reasonable accuracy compared to the

CFD results for the tested cases.
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INTRODUCTION

Gasification of coal converts the carbonaceous solid fuel into CO

and H2-rich syngas using air, oxygen and/or H2O. The syngas can be

then used to produce a wide range of chemicals and energy prod-

ucts such as H2, CH4, ammonia/urea, methanol and electricity. For

generation of electricity, the integrated gasification combined cycle

(IGCC) has been applied in the industry [1]. The integrated gasifi-

cation fuel cell (IGFC) combined with CO2 capture is drawing atten-

tion as an alternative technology for the future. The total worldwide

capacity of IGCC plants using coals as the primary feedstock is about

70,000 MWth as of August 2013. This figure is expected to be dou-

bled in 2015 based on data of gasifiers under construction, and tripled

in 2018 based on planning [2].

Among the various reactor configurations, entrained flow gasifiers

are commonly used in commercial plants [3]. They typically oper-

ate at a high temperature (~1,500 oC at the exit) and high pressure

(20-60 bar). During coal gasification, the sulfur, nitrogen and mineral

matter in coal are also released as various impurities in the syngas

in the form of H2S, HCN, molten ash (slag) etc. These impurities

should be removed from the syngas before it undergoes the final

energy production or chemical conversion process. First, the raw

syngas at the exit of the gasifier requires immediate quenching to

below the melting temperature of the ash to prevent slag deposi-

tion. In various commercial processes using entrained flow gasifiers,

the syngas is quenched by water spray (water quench), recycled

cold syngas (gas quench), or endothermic gasification reactions (chem-

ical quench) [4-7]. The raw syngas is further cooled down in a syngas

cooler to about 200-300 oC to prepare it for a series of cleaning pro-

cesses downstream. This cool down is achieved by a heat exchanger

(syngas cooler, SGC) which recovers the thermal energy in the syn-

gas as steam, or simply by total water quenching at a lower effi-

ciency.

A SGC, if used, is configured differently from conventional heat

exchangers. Operating at a high pressure, it has to handle highly

concentrated fly slag particles whose the impaction and deposition

may lead into a blockage, erosion, fouling and/or corrosion in the

equipment. Therefore, SGC has simple passes for gas flow to mini-

mize particle impaction. One example of SGC is the radiant syn-

gas cooler (RSC) adopted in GE Energy’s processes [8]. Installed

at the bottom of a down-fired gasifier, the RSC has a simple internal

structure consisting of membrane water-walls with a water-quenched

slag tap at its bottom. An RSC can be combined with a convective

heat exchanger downstream. Several experimental and numerical

studies have been conducted for flow patterns of gas and particles

in this type of SGC [4,9,10]. The SGC adopted in Shell coal gasifi-

cation processes consists of a series of concentric heat exchangers

made of helical coil tubes. After quenching the syngas at the top of

the gasifier to about 900 oC, the syngas enters the SGC where it splits

into long vertical channels separated by helical coil tubes. The key

phenomena in the gas quench process and in the entry section of

the SGC have been recently reported by the authors [11,12]. Similar

heat exchangers made with helical coils have been studied for heat

transfer [13-15], but the actual configuration used in the SGC is

different from those in terms of the shape, size and operating condi-

tions. For efficient design and operation of the SGC at various scales
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or operating conditions, fundamental understanding is required on

the flow and heat transfer characteristics within the heat exchanger.

This study investigates the flow and heat transfer characteristics

in a SGC with multi-staged evaporators of a commercial IGCC pro-

cess for various operational loads and fouling conditions. The first

step of investigation was conducted using a commercial CFD code

for detailed gas flow and heat transfer rates in the channel and mixing

sections of heat exchangers in the SGC. Based on the results, a cor-

relation for convective heat transfer was derived. Second, a process

model for the SGC incorporating the convection correlation was

constructed to use in fast-response simulations for design and oper-

ation diagnostics of the whole process. The reliability of the simpli-

fied model was evaluated for local and overall heat transfer char-

acteristics by comparison of the results with the CFD results.

NUMERICAL METHODS

1. Process Description for SGC

Fig. 1 shows a process diagram of a gasification block applied

for a commercial IGCC plant at 300 MWe capacity. The syngas

produced in the gasifier has a temperature of approximately 1,550 oC

that is immediately quenched in the quench pipe to about 900 oC

by mixing with the cold syngas recycled from downstream. Through

the transfer duct, the syngas is transported to the SGC. In the upper

part of the SGC, the syngas flow rapidly turns downward to enter

the heat exchanger sections. This part is called the gas reversing

chamber (GRC). The detailed flow and heat transfer characteristics

for the quench pipe/transfer duct and GRC have been previously

reported [11,12].

The SGC consists of membrane water-walls aligned vertically,

Fig. 1. Schematic of the syngas cooler in the gasification block of an IGCC process.

Fig. 2. Schematic of the modeling approach for the SGC in the pro-

cess model.

(a) Control volume in a channel, (b) Structure of control vol-
umes in the lower part of EVA1
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forming a very tall cylinder. It is about 74 m tall including the GRC

with a diameter of about 2 m. It incorporates four evaporator (EVA)

sections inside, each with a length of about 10 m. The first three

EVAs (1-3) are for high-pressure (HP) steam at about 150 bar (Tsat=

340 oC), and EVA4 for medium-pressure (MP) steam of about 55

bar (Tsat=270 oC). Each EVA has long concentric channels made of

numerous helical coil water tubes, as depicted in Fig. 2. Since the

tubes are welded by fins, the welded are completely isolated from

each other. EVA1 has six channels, including the one between the

outermost coil (Coil 6) and the membrane wall. Each channel is

numbered from 1 to 6 outwards, as indicated in the figure. In EVA2

and EVA3, coil 1 and channel 1 are removed to increase the gas

velocity. In EVA4, coil 2 and channel 2 are also removed to have

four outer channels. The central part of the EVAs is blocked by a

baffle at the top and, therefore, no flow enters this part. At the end

of the channels, the syngas flows from the channels gather into a

hollow mixing section before it enters the next EVA.

Table 1 lists the operating conditions of the SGC considered in

this study for three operational loads of 50, 75 and 100%. The operat-

ing pressure was fixed at 42 bar, gauge. The conditions for the flow

rate and the compositions of syngas, coal and flux are based on the

design values, which have been detailed in previous studies for the

quench pipe/transfer duct [11] and for the GRC [12]. The coal and

flux particles had particle diameters ranging from 2-67μm and 4-

105μm, respectively. The temperature at the inlet was derived from

the average value at the outlet of the GRC predicted using the CFD.

In addition to the effect of the operational load, the effect of fouling

on heat transfer was investigated for two fouling factors: 6.3×10−4

and 12.5×10−4 m2·K/W. This was to consider the formation of foul-

ing layer by the accumulation of fly slag particles onto the tube sur-

faces. Assuming a thermal conductivity of the fouling layer to be

at 1.595 W/m2·K [16], this corresponded to a thickness of 1 and

2 mm, respectively.

2. Methods of Computational Fluid Dynamics

Since the SGC consisted of thousands of small tubes in a long

cylinder, each EVA was modelled consecutively, and the results of

CFD were used to determine the inlet condition for the next one.

Due to the membrane waterwall oriented vertically, a 2-dimensional

axisymmetric mesh was not appropriate. Therefore, the mesh was

constructed for a single fin-tube unit of the membrane wall, which

was about 1.3o of the cross-section, with the symmetric condition

for both sides. A total of approximately 1.8, 2.0, and 2.1 million

hexahedral cells were used for EVA1, EVA3 and EVA4, respec-

tively. The mesh for EVA2 was also used for EVA3 because they

both had identical geometry. The detailed image of the mesh is pro-

vided in Fig. S1 of the Supplementary Information. Note that the

mesh included the solid zone of the tubes, while the water/steam

section inside the tubes was treated as walls with convection.

The gas flow in the SGC can be considered as particle-laden tur-

bulent flow. The general approach for CFD was identical to that for

the upstream equipment [11,12], and therefore, it is briefly described

herein. The Lagrangian scheme was applied to track individual parti-

cles to determine their exchange of momentum and heat transfer

with the gas phase and the walls. The particles had a fixed density

of 2,800 kg/m3 and emissivity of 0.83 [17]. The emission and absorp-

tion by the particles were calculated based on the cumulative cross-

sectional area of the particles within a cell volume, which had 20

size fractions in total within the range given in Table 1. The turbu-

lence was solved by the realizable k-ε model [18], which has a more

fundamental foundation for jet and circulating flows. The model

was found the most appropriate for simulations in a RSC [10]. The

radiation was predicted by the discrete ordinate method with an angu-

lar discretization of five divisions and three pixels both in the polar

and azimuthal directions. The absorption coefficient was calculated

using the weighted sum of the gray gases model (WSGGM) with

the model coefficients proposed by Smith et al. [19]. The coeffi-

cients are valid up to 10 bar·m. Although the operating pressure of

the SGC was very high (43 bar), the partial pressures of CO2 and

H2O (about 3.0 and 0.1 bar, respectively) were within the valid range.

Due to the high concentration of particles, however, the absorption

coefficient of the particles was dominant over that of the syngas.

For example, the volume-average value was about 2.9 m−1 for the

particles and about 31 m−1 for the gas in EVA1 at 100% load.

Regarding the boundary conditions, the inner surface of the water

tubes had a convection coefficient of 1×104 W/m2·K, considering

the phase change with a temperature fixed to the saturation value

(340 oC for EVA1-3 and 270 oC for EVA4). The outer surface of

the SGC wall was assumed adiabatic, since it faced an enclosure

of a pressurized vessel filled with the steam. For the innermost coils,

the surface facing the central part of the SGC was also assumed

adiabatic, which was filled with stagnant syngas. The emissivity of

the entire walls was assumed to be 0.8, considering the highly corro-

sive conditions. The thermal conductivity (ktube) of the tube materi-

als was expressed into a polynomial of temperature, which was about

17 W/m·K for EVA1-3 and 40 W/m·K for EVA4 at the saturation

temperature of the water. The CFD simulations were conducted using

Table 1. Operating conditions for the SGC for three loads

Load 50% 75% 100%

Inlet conditions Syngas Flow rate (kg/s) 056.6 084.8 113.1

Temperature (oC) 670.8 721.7 740.0

CO (vol%) 055.2 057.2 059.2

CO2 (vol%) 007.2 006.1 005.1

H2 (vol%) 027.2 028.2 028.5

N2 (vol%) 010.4 008.5 007.2

Coal ash Flow (kg/s) 000.66 001.00 001.32

Flux Flow (kg/s) 000.26 000.38 000.52

Fouling factor, Rfoul (K·m2/W) 0 (clean), 6.3×10−4, 12.5×10−4
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ANSYS FLUENT version 13 [20]. Although the results of this study

are not directly validated by operation data, the use of CFD for a

helical coil heat exchanger has been proven to have a reasonable

agreement with experiments [14,15].

3. Development of the Process Model

Fast-response process simulations are used in design and opera-

tion diagnostics for various conditions in different processes includ-

ing gasification. Instead of rigorous CFD simulations, such model

can quickly provide the overall heat transfer and gas temperatures

for key parts of a process. The modeling approach is described as

follows.

In the process model, the helical coil tubes are simplified as a

smooth cylinder. Also, it is assumed that the mass flux is uniform

between the channels of an EVA. The actual distribution of mass

within the channels will be discussed later with the CFD results.

Then, a control volume for a small horizontal part of each channel

or in a mixing section is illustrated as in Fig. 2(a). For each control

volume, the energy balance can be expressed by the following simple

conservation equation:

Hg, in=Hp, in=Hg, out+Hp, out+Qconv+Qrad (1)

The enthalpy of the gas or the particle phase (Hi) at the inlet/outlet

of the control volume depends on the temperature, as follows.

(2)

The temperature at the outlet of a control volume became the un-

known to be determined from Eq. (1). The mass flow rate in a channel

was calculated as the mass flux multiplied by the cross-sectional

area of a channel. The convection heat transfer to the wall was de-

termined by the temperature difference of the syngas and the water/

steam and the convection coefficient (hg), as follows.

Qconv=hconvAw(Tavg−Tw) (3)

Tavg represents the average temperature in the control volume as fol-

lows.

Tavg=(Tin+Tout)/2 (4)

The convection coefficient was calculated by a correlation of Nu.

(5)

Dh is the hydraulic diameter equivalent to the spacing between the

outer and inner coils of the concentric channel, (Dh=Douter−Dinner).

Since the configuration of helical coil tubes in the SGC was not

common, a correlation to be readily adopted to the model was not

available in the literature. Therefore, Nu was expressed in the fol-

lowing simplest form and the coefficients, C and m, were derived

from the CFD results.

Nu=C·Re
m
·Pr

n
(6)

The exponent n for Pr was fixed constant at 1/3. In the radiative

heat transfer, it was assumed that the gas exchanges radiation with

the walls within the control volume, ignoring the exchange between

adjacent ones. The radiation from the gas and particles to the wall

was calculated by the following simple equation, which was based

on a gray body within a sufficiently long enclosure.

(7)

In Eq. (7), εCV incorporated the contributions of the gas and parti-

cles. Since the emission of the particles was dominant over that of

the gas, εCV was calculated using the particle concentration and size

distribution as described in [11].

Eqs. (3) and (7) involve Tw, which is not uniform along the tube

and fin surfaces. In the model, Tw was assumed to be uniform so

that it can be determined by the heat balance together with Tout. First,

the total heat transfer from the gas to the steam can be represented

by using the overall heat transfer coefficient, as follows.

Qsteam=Qrad+Qconv=Ugas-steamAw(Tavg−Tsteam) (8)

The overall heat transfer coefficient (Ugas-steam) in Eq. (8) includes

the thermal resistance by the convection and radiation from the gas

side, the conduction through the fouling layer and the tube, and the

convection by the water/steam inside. Detailed analytical study on

Ugas-steam has been presented by Bowen et al. [21] using the steady-

state thermal resistance approach for membrane waterwall tubes in

which one side is insulated. For the helical coils of the SGC, how-

ever, both sides face the heat influx from the inner and outer channels.

Therefore, the centerline of the tube can be considered as an adia-

batic boundary. This simplifies Ugas-steam by Bowen et al.’s second

method into the following equation.

(9)

The thermal resistance in the fin was assumed to be negligible in Eq.

(9), which shrinks the equation identical to that for a cylindrical tube

over a distance of 2(ro+w). A separate numerical study on the coil

geometry summarized in the Supplementary Information showed that

Ugas-steamAw calculated by Eq. (9) had errors smaller than 1.7%. It was

also found that the predicted values were within 3.2% of those for the

membrane wall with an adiabatic boundary on one side. Therefore,

Eq. (9) was also applied both to the innermost coil and the mem-

brane waterwall, which can significantly simplify the solution pro-

cedure. To determine Tw, Eqs. (8) and (9) were expressed for the heat

transfer from the outer tube surface to the water/steam, as follows:

(10)

(11)

Aw=π(Dinner+Douter)Δy (12)

The above equations have two main unknowns, Tout and Tw, which

were solved iteratively. In each control volume, Qrad and Qconv were

initially calculated with Tin taken as Tavg. Then, Tw was calculated

using Eq. (10), and Tout using Eq. (1) iterated by the Newton-Raphson

method. With an updated value of Tavg from Eq. (4), the calculations

were repeated until the change in Tout become less than 0.01 oC.

Fig. 2(b) illustrates the structure of control volumes in the lower

part of EVA1 in which the channels end and the mixing section starts.

The solution procedure for a control volume was continued by march-

ing from the top to the bottom of control volumes in each channel

Hj = Mj Cp j, dT
Tref

Tj

∫

hconv = 

Nu kg⋅

Dh

---------------

Qrad = 

σAw Tavg

4
 − Tw

4
( )

1

εCV

-------
 + 

1

εw

-----
 −1

------------------------------------

Ugas-steam = 

π/ 2ro + 2w( )

1/hsteamri + ro/ri( )ln /ktube + Rfoul +1/ hconv + hrad( )
-------------------------------------------------------------------------------------------------------------

Tw = 

Qrad + Qconv

Uw-steamAw

---------------------------
 + Tsteam

Uw-steam = 

π/ 2ro + 2w( )

1/hsteamri + ro/ri( )ln /ktube  + Rfoul

-----------------------------------------------------------------------
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of an EVA. For the wall surface area for heat transfer (Aw), Eq. (12)

was applied the control volumes within a channel such as the one

indicated as ‘A’ in the figure. If the outer coil ended in the control

volume ‘B’, Aw was only calculated for the inner coil. Aw became

zero in the control volume ‘C’, and the gas temperature did not change

since the heat exchange between adjacent control volumes was not

considered. Once the calculations for the channels section were over,

the gas temperatures from the six channels were mass-averaged to

determine Tin for the first control volume of the mixing section (‘D’).

Then, the calculation was repeated to the next EVA.

The solution procedure was developed into a program using Mi-

crosoft Excel Visual Basic. The models for the physical properties

of the gas and the particles were identical to those used in the CFD.

The number of control volumes was 100 along the channel and mix-

ing sections of a channel in each EVA. With the implicit scheme

used in the calculation, the grid sensitivity was minimal. For exam-

ple, the temperature changes were less than 0.1% compared to the

results for 200 control volumes each. Due to the simple procedure,

the calculation for the four EVAs took less than one second on a

PC with an Intel i5-3570 processor.

RESULTS AND DISCUSSION

1. Gas Flow Characteristics

Fig. 3 illustrates the contour of the velocity and temperature in

EVA1 at load 100% with no fouling. In the entry region (Fig. 3(a)),

the gas flow was more concentrated in the outermost channel than

in the inner channels. This was because the resistance to the flow

was lower by the orientation of the water tubes in the wall parallel

to the gas flow. Also, the length of the channel was the shortest which

reduced the pressure drop compared to the inner channels. Within

the channels, the gas mainly flowed along the center, although it

became stagnant in the region near the fins between the curved tubes.

Due to the low gas velocity, small fly slag particles were likely to

accumulate more onto the surface near the fins than onto the cir-

cular section facing the strong gas flow. The gas temperature and

velocity gradually decreased by the heat transfer to the water/steam

inside the tubes. However, the temperature was higher in the outer-

most channel, due to the relatively larger mass flow rate. At the end

of the channels, the gas from the channels entered a mixing section.

A large circulation zone was formed in the central part below the

channels, since the volume above (the internal part enclosed by coil

1) was blocked by the baffle on the top. Since the mixing region

Fig. 3. CFD results of temperature and velocity in EVA1 at load 100%.

Fig. 4. Comparison of mass flux at each channel of the evaporators.
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was about 4 m high, the gas flow became uniform as it approached

EVA2. Similar flow patterns were repeated in other EVAs although

the length and number of channels were different. Therefore, the

results are presented using the profiles of average temperature, heat

flux and other key parameters.

Fig. 4 presents the mass flux at each channel of the evaporators.

Channel 1 was removed from EVA2, and channel 2 was also re-

moved in EVA4 to increase the gas velocity and reduce the con-

struction costs. The mass flux consistently had the largest values in

the outermost channels, but the least in channel 5 had the least. When

the cross-sectional area was multiplied to the mass flux, channel 6

represented 26.0% of the total flow rate in EVA1 and 36.2% in EVA4.

Fig. 5 shows the profiles of mass-weighted average velocity along

the length of the SGC for different operational loads without foul-

ing. The plateaus and dips of the velocity indicate the channel and

mixing sections of the four EVAs, respectively. For the operational

load of 100%, the gas velocity was the highest (about 8 m/s) at the

entry of EVA1 and gradually decreased within the channels as the

gas temperature decreased. In the mixing zone, the velocity was

below 3 m/s. The velocity at the entry of EVA2 was higher than

that at the exit of the EVA1 channels since channel 1 was blocked.

A similar increase in the gas velocity was observed in EVA4 in which

two inner channels were removed. Overall, the velocity within the

channels was maintained within a range of 3-8 m/s, which appeared

to be appropriate. A faster velocity may erode the tube surfaces due

to the impact of fly slag particles [12]. On the other hand, a low

velocity may increase the deposition of the particles within the chan-

nels, especially under low operational loads, seriously fouling the sur-

faces and thereby deteriorating the heat transfer efficiency. If severe,

the deposition may also block parts of the channels. Reducing the

number of channels in the downstream heat exchangers was cru-

cial in maintaining sufficiently high gas velocities.

2. Heat Transfer Characteristics

Fig. 6 plots the profiles of the enthalpy-averaged temperature along

the length of EVA1 for different operational loads and fouling condi-

tions. The temperature rapidly decreased in the channel section, for

example from 740 oC to 479 oC at 100% load without fouling. In

the mixing section, the temperature decreased by less than 5 oC, since

the heat transfer surface was limited to the membrane wall of the

SGC. When fouling was considered, the gas temperature at the exit

was increased to 504 oC for of Rfoul=6.3×10−4 K·m2/W and to 527 oC

for 12.5×10−4 K·m2/W. This corresponded to 12% and 20% of de-

crease in the heat transfer rate, respectively. The trends of the tem-

perature in the rest of the EVAs are presented later with the results

from the process model.

Fig. 7 plots the average heat flux in the channel and mixing sec-

Fig. 5. Profiles of gas velocity along the evaporator sections for dif-

ferent operational loads.

Fig. 6. Profiles of average temperature in HP EVA1 predicted by

CFD for different loads and fouling conditions.

Fig. 7. Heat flux in the channels and mixing sections of evaporators

predicted by CFD for different loads and fouling conditions.
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tions of each evaporator. The heat flux decreased from 98.1 kW/m2

in EVA1 to 33.2 kW/m2 in EVA2 and further down to 14.4 kW/m2

in EVA3. This was mainly because the temperature difference be-

tween the gas and the water/steam in the tubes became smaller along

the length. The lowered gas temperature also reduced the velocity

and corresponding convection as well as the radiation from the fly

slag particles. The heat flux slightly increased in EVA4 for two rea-

sons. First, the saturated temperature of the water/steam was lower

(270 oC) than that of the earlier evaporators (340 oC). Second, the

gas velocity was increased by the removal of two inner channels.

The mixing sections of the evaporators had heat flux of about 7.0-

36.6 kW/m2. However, the contribution of the mixing sections to

the total heat transfer rate was not significant (2.5%-11.6% of the

total), since the heat was absorbed only on the membrane wall.

For the convective heat transfer and the average gas temperature

predicted in each section, the convection coefficient (hg) was evalu-

ated to derive the correlation of Nu required for the process model.

Fig. 8 plots ln(Re) vs. ln(Nu/Pr
n
) for the channels and mixing sec-

tions of the evaporators under operational loads of 50-100%. EVA4

had slightly higher values of Nu compared to the EVAs above. This

was due to the difference caused by the significantly higher ther-

mal conductivity of tube materials (about 40 W/m·K for EVA4 and

17 W/m·K for the rest). The mixing sections had higher Nu and

Re than the channel sections simply due to its larger characteristic

length (the SGC diameter of about 2.0 m). For the channel sections

of EVA1-3 for HP steam, the results were grouped together and fitted

to a single linear equation: ln(Nu/Pr
n
)=0.884 ln(Re)−3.73. The result

for the channel zone of EVA4 for MP steam was fitted to another

equation: ln(Nu/Pr
n
)=0.884 ln(Re)−3.57, maintaining the sample

slope. With the exponent of Pr of 1/3, the resultant correlations of

Nu became as follows:

- EVA1 to EVA3 for HP steam,

Nu=0.024Re0.884Pr1/3 (Re: 1.4×105-3.1×105, Pr: 0.832-0.849)

- EVA4 for MP steam,

Nu=0.028Re0.884Pr1/3 (Re: 1.9×105-3.6×105, Pr: 0.850-0.855)

The above two correlations were introduced to the process model

for calculation of convection. For the mixing zone, correlations were

not derived since the data points were not deviated far from the ex-

trapolation of the correlations for the mixing zone except for the

EVA1 mixing section. Despite the deviations from the correlation,

the heat transfer rate in the mixing zone had little significance due

to the small proportion of to the membrane wall in the total surface

area.

3. Comparison of CFD and Process Model

Fig. 9 compares the average temperatures predicted by CFD and

by the process model in the entire system for selected cases. The

differences in heat transfer between the channels and mixing sec-

tions of EVAs can be easily recognized in the temperature profiles.

The channels section of EVA1 had the largest decrease in tempera-

ture while EVA3 had the least. Under the fouling-free condition,

the temperature difference in EVA3 was only about 16-25 oC for

load 50-100%, representing about 4.7-6.5% of the heat absorbed in

the first three EVAs for HP steam. With Rfoul of 12.5×104 K·m2/W

(equivalent to 2-mm-thick fouling layer), however, the temperature

drop in EVA3 became 28-47%. The proportion of heat absorption

in EVA was also approximately doubled (8.8 to 12.8%). Compared

to EVA3, EVA4 had larger temperature drops due to the decrease

in the water/steam temperature.

The temperatures predicted by the process model are plotted as

solid lines in Fig. 9. Overall, the temperature trends were reason-

ably predicted by the model in the different sections of EVAs. The

largest discrepancy between the two models was about 21 oC, which

mainly occurred in EVA2. Considering the trend between the two

results, the correlation of Nu in the process model underestimated

the convection in the thermal entry region of the channels in EVA2.

The difference between the models was reduced to below 10 oC as

the gas approached the mixing section.

Fig. 8. Linear regression of ln(Re) vs. ln(Nu/Pr
n
) predicted for the

average values in the channels and mixing sections of the

evaporators.

Fig. 9. Comparison of temperature profiles in the entire SGC pre-

dicted by CFD and the process model.
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The amount of heat transfer and the discrepancies between the

two models are summarized in Table 2. In the results predicted by

CFD, the total heat transfer rate in the SGC was 76.1 MWth for 100%

load and 32.2 MWth for 50% load under the clean surface condition.

The first three EVAs absorbed 86-87% of the total heat regardless

of the load and fouling conditions. Radiation predicted by the CFD

accounted for 12.6-14.1% of the total on the clean surfaces and 17.5-

19.1% for Rfoul of 12.5×104 K·m2/W. Overall, the results from the

process model agreed reasonably well with the CFD for different

loads and fouling conditions. The largest deviation was found in the

EVA4 with fouling, in which the process model overpredicted heat

transfer by 5.5% (0.52 MWth) and the corresponding exit tempera-

ture was 4.6 oC lower. The deviations were much smaller for the

clean surface conditions. Since the performance of the process model

was overall satisfactory, it can be used to predict the temperature

and heat transfer profiles along the exceptionally tall equipment for

various conditions. Further elaboration and validation of the model

are also essential for different pressures, syngas compositions and

changes in the arrangement or dimensions of the EVAs.

CONCLUSIONS

The flow and heat transfer characteristics in the SGC of a com-

mercial IGCC process were investigated using CFD. Based on the

results, a one-dimensional process model was established to pro-

vide a fast-response process simulation of the equipment.

The flow characteristics of syngas were different between the

channel section and mixing section of an EVA. The concentric chan-

nel sections made of helical coil tubes had higher gas velocities and

larger heat transfer rates than the mixing section. For operational

loads between 50-100%, the gas velocity was maintained between

3-8 m/s in the channel section by removing inner channels in the

downstream EVA. Among the channels of an EVA, the largest pro-

portion of the syngas flow was induced to the outermost one of which

the length was the shortest and the membrane waterwall was oriented

parallel to the gas flow. The larger mass flux within this channel

also led to larger heat flux than that of other channels in all EVAs.

In the four EVAs of the SGC, the total heat transfer rate ranged

from 32.3 to 76.1 MWth with an exit temperature of 280-300 oC for

loads between 50-100% without fouling. The heat was absorbed

mostly in the first EVA where the temperature difference between

the syngas and the water/steam was the largest. The fouling factor

of 12.5×104 m2·K/W reduced the heat transfer rate by up to 6.8%.

Using the CFD results, the correlations of Nu were derived for the

convection heat transfer in the channel sections.

Despite the simplifications on the mass distribution and heat trans-

fer, the process model for the SGC predicted the heat transfer rate

and corresponding gas temperature that were in good agreement

with the CFD results. The maximum difference between results of

the two models was 5.5% for the heat transfer rate and −4.6 oC for

the exit temperature.
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NOMENCLATURE

A : area [m2]

C : model constant for Nu

Cp : specific heat [J kg−1 K−1]

D : coil diameter, hydraulic diameter [m]

h : convection coefficient [W m−2 K−1]

H : total enthalpy [J s−1]

k : thermal conductivity [W m−1 K−1]

m : exponent of Re

M : mass flow rate [kg s−1]

n : exponent of Pr

Nu : Nusselt number

Q : heat transfer rate [W]

Pr : Prandtl number

r : radius of a tube [m]

Rfoul : fouling factor [K m2 W−1]

Re : Reynolds number

t : thickness of a tube [m]

T : temperature [K]

U : overall heat transfer coefficient [W m−2 K−1]

w : half length of the fin between tubes [m]

Table 2. Summary of the results from CFD and the process model for the SGC

Load 100% 75% 50% 100% 75% 50%

Rfoul (K·m2/W) 0 12.5×10−4

Tin (
oC) 740.0 721.7 670.8 740.0 721.7 670.8

EVA 1-3 (HP) Tout, CFD (oC) 359.3 350.5 345.6 383.5 370.3 356.9

ΔT 0−2.8 000.8 000.2 001.3 0−0.7 0−2.4

QCFD (MWth) 066.3 048.1 027.6 062.2 045.6 026.7

ΔQ/QCFD 0.7% −0.2% −0.0% −0.3% 0.2% 0.7%

EVA4 (MP) Tout, CFD (oC) 300.4 292.9 288.6 326.8 315.5 303.8

ΔT 0−3.7 0−0.4 0−0.6 0−1.9 0−3.5 0−4.6

QCFD (MWth) 009.8 007.2 004.7 009.5 006.8 004.3

ΔQ/QCFD 1.5% 2.2% 1.4% 5.5% 5.1% 3.9%

ΔT=Tout, PM−Tout, CFD, ΔQ=QPM−QCFD, PM: process model
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Δy : length of a control volume [m]

Greek

ε : emissivity

σ : Stefan-Boltzmann coefficient

Subscript

avg : average of inflow and outflow

conv : convection

CV : control volume

g : gas

h : hydraulic

i : inner wall of a tube

in : inflow of a control volume

inner : inner coil of a channel

j : gas or particle streams

o : outer wall of a tube

out : outflow of a control volume

outer : outer coil of a channel

p : particle

rad : radiation

ref : reference temperature (273.15 K)

steam : water/steam in the helical coil and membrane tube

tube : tube material

w : wall
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EVALUATION OF OVERALL HEAT TRANSFER 

COEFFICIENT

If the helical coil has identical heat flux from the upper and lower

quarters, the centerline becomes adiabatic. In contrast, the mem-

brane water-wall has one side almost insulated by the pressure vessel

filled with steam. CFD simulations were carried out to determine

accurate values of overall heat transfer coefficient (Ugas-steam) for vari-

ous input parameters. The number of quadrilateral cells was 5,428

in the 2-dimensional mesh. ANSYS Fluent (version 6.3) was used

for the simulations varying the thermal conductivities and the fin

lengths.

Fig. S2 illustrates the temperature profile in the helical coil and

the membrane wall with an indicative condition. The heat transfer

rate to the upper quarter of the helical coil was 3,783 W. Therefore,

Ugas-steamAw=Q/(Tgas−Tsteam) became 12.61 W/K. On the other hand,

the overall heat transfer coefficient of the helical coil was simpli-

fied into Eq. (9):

(9)

For the tube geometry with Rfoul=0, Ugas-steamAw was calculated to be

Ugas-steam = 

π/ 2ro + 2w( )

1/hsteamri + ro/ri( )ln /ktube + Rfoul +1/ hconv + hrad( )
-------------------------------------------------------------------------------------------------------------

Fig. S1. Detailed image of the mesh for CFD.

Fig. S2. Temperature profiles in a helical coil (a) and membrane water-wall (b) predicted by CFD under indicative conditions (Tgas=640 oC,

Tsteam=340 oC, hgas=400 W/m2·K, hsteam=10,000 W/m2·K, ktube=17 W/m·K, ro=24.3 mm, w=4 mm).
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12.46W/K. Therefore, the equation underpredicted Ugas-steam by 1.2%.

The error increased slightly to 1.7% when ktube became 40 W/m·K.

Eq. (9) was also used for the membrane wall and the innermost coil

in which one side faced the pressure vessel and the stagnant gas

region, respectively. In this case, the lower quarter in Fig. S2(b) be-

comes an additional path for the heat transfer. The heat transfer rate

to the steam through the half of the inner tube surface was 3,860 W,

which was 76 W (1.98%) larger than the quarter of the helical coil.

Therefore, the error involved in using Eq. (9) became 3.2%. Com-

pared to other simplifications adopted, the errors in Eq. (9) were

acceptable for the process model. Note that the same equations were

used to derive hconv from the CFD results and, therefore, the corre-

lation of Nu partially compensated the errors involved in Eq. (9).
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