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Abstract

The work on humid gas in 2019 includes the modelling of two heat transfer scenarios with using the
thermodynamic model for humid gas implemented in 2018, as reported in D2.3_2018.03. The first scenario
is to simulate the heat transfer of humid gas on a cold flat plate, where the calculation of heat transfer is
based on the traditional method for dehumidification process. The second scenario is to simulate a tube-in-
tube heat exchanger with humid gas flowing in the inner tube and cooling water flowing in the annulus. The
method treats the humid gas as normal mixtures and uses the thermodynamic libraries for mixtures.
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1 Introduction

The work on humid gas in 2019 includes the modelling of two heat transfer scenarios with using the
thermodynamic model for humid gas implemented in 2018, as reported in D2.3_2018.03. The first scenario
is to simulate the heat transfer of humid gas on a cold flat plate, where the calculation of heat transfer is
based on the traditional method for dehumidification process. The second scenario is to simulate a tube-in-
tube heat exchanger with humid gas flowing in the inner tube and cooling water flowing in the annulus. The
method treats the humid gas as normal mixtures and uses the thermodynamic libraries for mixtures. The two
problems are described in Section 2 and Section 3 with the modelling methods and results, respectively.

2 Humid gas cooling on a flat plate

In the first model, the problem is simplified as humid gas flowing on a flat surface with constant and uniform
temperature, as illustrated by Figure 1.

< Laminar | Turbulent >
u, T,

SEPAS
= \)))
_f [O (X}DD‘J :37 )JJ) /

Figure 1 Fluid flows on a flat plate [1]

Table 1 Geometries and inlet conditions

Plate length, L 6m
Plate width, d 0.06 m
Surface temperature, T 5°C
Free stream velocity, u 10 m/s

Inlet stream temperature, Ti, 85°C

2.1 Modelling and calculation procedures

2.2 Discretization and conservation equations

The problem will be solved with a one-dimensional model. The discretization along the length of the plate
is illustrated in Figure 2.
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Figure 2 Discretization of the domain

The mass conservation for water (liquid) and energy conservation for humid gas at inlet of each element can
be applied to a single element as:

Magas,i@Wi = Magas,i+1Di+1 +my (1)
mdgas,ihi = mdgas,i+1hi+1 + mwhw + Q: (2)

where mg 44 is the mass flow rate of the dry gas excluding vapor, m,, is the produced liquid (almost water)
in each element due to cooling of the humid gas, h,, is the specific enthalpy of the produced liquid, and Q; is
the total heat released during the cooling and dehumidification. The rest variables have been introduced in
the previous memo. It is worth noting that the method is actually different from the normal control volume
method, which usually applies the conservation equations on the total mass at the inlet (x = 0). The mass
conversation equation here is based on the balance for the water (or the liquid with very small amount of
other components) in each element. This is equivalent to the conversation for the humid gas at inlet of each
element (Mpgqas; = Magas(1 + w;)), namely the liquid produced in one element is removed from the
considered system in the next following element. Another problem that should be noted is that, the mass
flow rate of dry gas mg 4, could be treated as constant since the produced liquid will be almost pure water.
However, if we want to obtain the real composition of the produced liquid, the calculation of the mass flow
rate of dry gas should be considered. In the following, mg g4 is assumed as constant.

The total heat is made of the sensible heat Q4 and the latent heat Q; as,

Q=05+ (3)
Qs = mgascp(Ti —Tit1) (4)
Q= mgas(wi - CUi+1)hfg,w (5)

where hgg ,, is the latent heat of the liquid. The specific heat ¢, defined in the previous memo is respect to
the humid gas with the unit kJ/(kg of dry gas - K).

The total heat also satisfies the relationship that,
Qr = a¢(Ty — T5)6A (6)

where a; is the total heat transfer coefficient (HTC), also known as apparent HTC, T is the average fluid

temperature in each element, which can be estimated as (T; + T;+1)/2, and the area of each element §4 =
Ox - d.
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2.3 Cooling and dehumidification process

A cooling and dehumidification process of humid gas in contact with a cooling coil is shown in Figure 3 (a),
and it is modified and integrated to our present case Figure 3(b). Here, we first introduce several useful
parameters. The sensible heat factor (SHF) is defined as the ratio of the sensible heat to the total heat, namely
Qs/Q;. The temperature T is the effective surface temperature, also known as apparatus dew-point (ADP)
temperature. A bypass factor (BPF or BF) is sometimes used to express cooling coil efficiency, defined as,

Tin = Ts _ Wip — Ws

BPF = (7)

Tout - Ts Woyt — Ws
where the parameters with subscripts 'out' are corresponding to the status at outlet x = L, marked in the
left figure. Ideally, the gas is in perfect contact with cooling coil surface, and the outlet temperature T, will
be the same as Tg. In fact, Ty, will be always higher than T;. We will apply this model to a single element
described above, and rewrite the BPF as,

BPF = Ti_TS _ w; — Ws

(8)

Ti+1 - Ts Bl Witq — Wg
and the corresponding parameters have been marked in Figure 3(b).

The enthalpy differences are defined as,
Ahior = fr(@i, Ty) — fu(ws, Ts) (9)
Ahgry = fr(w;, Ty) — fr(w;, Ts) (10)
with f}, the enthalpy function in terms of temperature and humidity ratio.

ht ht

Wy Wy, [}

(a) (b)

Figure 3 Cooling and dehumidification process (a) general case, (b) integrated to current model

2.4 Heat transfer models

The apparent HTC for the cooling of humid gas (Figure 3(a)) is derived based on the relationship between
mass transfer and heat transfer [2], as,

Ahtot

ar = Agry Ahy
ry

(11)
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where a4, related to the sensible heat transfer is often modelled with common convective HTC. Here, the
Ahior and Ahg,, are corresponding to the ones in Figure 3(a). The differences between using (a) or (b) will
be detailed later.

We also apply this relationship to the current model, with a4, estimated with the local heat transfer
coefficient for single phase fluid flowing on a constant and uniform flat surface, as shown in Figure 1. The
local Nusselt number can be calculated as [1],

_ Qgryxx [ 0332Rey/*Pr'/* Re, < Rey,

Nu
* k 0.0296Ret/°Pri/® Re, > Re,,

(12)

where the local Reynolds number Re, = pux/u, and Re, . is the critical Reynolds number to determine the
beginning of flow transition from laminar to transition and turbulent flow regimes, and k is the thermal
conductivity. For flow over a flat plate, Re, . varies depending on the surface roughness and the turbulence
level of the free stream, while 5 X 10° is often used. This equation is valid for Pr > 0.6. The location x is
used the average between two nodes as (x; + x;.1)/2.

2.5 Thermodynamic properties

The thermodynamic properties for humid gas are calculated with considering properties of dry gas and vapor
separately. The dry gas part is calculated with real EOS. The functions for transport properties have been
implemented for dry gas, which are required for Reynolds number and Nusselt number. The calculation of
viscosity and thermal conductivity uses "TRAPP" model. The latent heat of water h,, is set as a constant
value of 2502 kJ/kg, which will be extend to general liquid in the next step.

2.6 Calculation procedures

Based on the above sub-models, the problem can be solved with an iterative manner. The calculation
procedures are illustrated as follows, with the parameters at node i known from previous. The produced
liquid is assumed as pure water for now, thus the mass flow rate of dry gas is constant.

1) Initial guess T;4q

2) Calculate w;4; based on Eq. (8), then obtain m,, from Eq. (1)

3) Update properties ¢y 11, hi11 (humid gas based), and k; 1, ftj+1, pi+1 (dry gas based)

4) Calculate Q;, Qg, Q; from Eq. (3)-(5)

5) Calculate Ah;os and Ahg,, based on Eq. (9)(10)

6) Calculate agyy . from Eq. (12), and a; from Eq. (11)

7) Check Q; obtained from Eq. (6)

8) Compare Q; and Q]
a. If the relative difference is smaller than 0.01, the iteration for this element is done, and set

the parameters at node i + 1 as the known node of the next following element.

b. Otherwise, update T;,4 and go back to step 2)

The reason to iterate on temperature is that the function for calculating the enthalpy from temperature is
available, but not for calculating temperature from enthalpy. In the second scenario, the calculation process
is based the enthalpy, other than the temperature.

2.7 Results

Here, humid gases with two different vapor fractions are tested:

e Humidgas 1: N, /O, /H,0, 0.74/0.20/0.06 by mole fraction
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e Humid gas 2: N, /O, /H,0, 0.472/0.128/0.4 by mole fraction
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Figure 4 Results for humid gas 1, parameters against plate length

The discontinuity in heat transfer coefficients is caused by the transition of the flow.

D2.3_2019.06 Humid gases Page 8 of 12



CENTRE FOR
ENVIRONMENT:
FRIENDLY ENERCY

@® HighEFF

— t 1 — Ql
801 15.0
= 12.5 - Qs
— 70 - = —— Qtot
(@) < 10.0 |
> 2
E 60 % 7.5 1
= < 5.0
50 | 4
2317 w\\
1200 1 %]
— ent T 0
™~
1000 A E 25 4
—
= =
800 =
= > 20 -
X S,
= 600 - U
C - 15 -
@ b
400 7 2 —— htc tot
510 htc_d
— —
200 | = c_dry
100
0.005 — mwater
— 80 —_
= % 0.004
= —— Xxabs -
L 601 ]
5 — relf S 0.003 1
2 =
X 40 =
0.002 -
20
0 1 2 3 4 5 6 (] 1 2 3 4 5 6
length [m] length [m]

Figure 5 Results for humid gas 2, parameters against plate length
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3 Humid gas cooling in a tube-in-tube heat exchanger

3.1 Discretization and conservation equations

The model treats the humid gas as general mixtures and solves the conservation equation of mass,
momentum, and energy for the humid gas. The wall resistance is neglected here.

m

S T.ivhei  Toicq heis
x ) ’ ’ )
Coolant
d, Humid gas
i—1 i i+1
m eas I ngm
pi Vi Pis1> Vies
T;, h; Ty hysy
Figure 6 Discretization of the domain
piVi = pi+1Vig1 =0 (13)
piVi(Vigr = Vi) = =(Piyq — P) — 41, - 8x/d; (14)
mgashi+1 - mgashi =—0Q; (15)

Here mg, is constant, which is equivalent to Eq. (13). For the cooling water, only the energy equation is
solved for simplicity.
m'chc,i+1 - mchc,i = Q¢ (16)

where the m, is the mass flow rate of coolant, and h. is the enthalpy of the coolant.
The heat balance satisfies:
Q; = af(Tf — Tw)ndi -6x = a (T, — T,)nd; - 6x (17)

where ay, a. are the HTC for the bulk fluid and coolant (cooling water).

The correlation by Friedel[3] is used for the calculation of the two-phase friction factor, and the correlation
by Thome [4] is used for the calculation of the two-phase heat transfer of mixtures using the method of
Silver, Bell and Ghaly [5] for mixtures and the standard Dittus-Boelter equation for the single phase terms.
The thermodynamic library used is TREND with EOS GERG2008[6].

3.2 Calculation procedures

The calculation procedures are as below:

1) Initial guess Ty, 1, and initialize parameter for node (i+1) with the values from node i
2) Solve equations for the humid gas by iterations

a. Calculate properties and temperature based on (P;; 1, hi41)

b. Calculate source terms t,,,, Q; based on correlations

c. Update (P;4q, hi;1) based on Eq. (13)-(15)
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d. Finish when the relative difference of h;, 1 in two iterations is smaller than 1E-5
3) Calculate Q; on the coolant side, solve energy equation for coolant Eq. (16)
4) Compare Q; and Q;
a. If the relative difference is smaller than 1E-3, finish and move to next element
b. Otherwise, update T, based on Eq. (17) with average heat (Q; + Q;)/2

3.3 Results

A gas of N, /O, /H,0, 0.472/0.328/0.2 by mole fraction is used as an example. The inlet pressure is set as 3
bar and the inlet temperature is 88 °C. The diameter of the inner and outer tube are 30 mm and 40 mm, and
the length is 2 m. The mass flow rate of the humid gas is 0.05 kg/s while the cooling water is 0.5 kg/s.

The results are shown in Figure 7. At the inlet, the humid gas is in superheated gas phase. When the
temperature reduces and reaches the dew temperature, the flow goes into two phases, with a significant
increase in the HTC. The sharp change of the wall temperature is the results without considering the axial
heat transfer.

901 2250
goq e T 2000
70 17501
<
£ 601 —— humid gas X 15001
2 o5 coolant £ 12501
& — wall S
2 404 I 1000 -
240 dew E
F 30 750
20 500
104 2501 _J
0.00 025 G50 075 1.00 125 150 175 2.00 0.00 025 050 075 1.00 125 150 175 2.00
position [m] position [m]
(a) Temperature profiles (b) Heat transfer coefficient of humid gas

Figure 7 temperatures and HTC along the tube

Figure 8 shows the variation of the compositions in the liquid and vapor phase. The produced liquid is
almost water, with very small amount of other minor components based on the current EOS.
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—— liguid, 02
08 0.0000008 |
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film, 2-6 ppm
Figure 8 Variation of composition along the tube
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4 Conclusions and future work

In the present work, two heat transfer scenarios for humid gas has been modelled, one is based on the
traditional method for dehumidification process and the other is for general mixtures.

It requires further validation of the results based on experimental data, which is not available at present.
Regarding the future work on modelling, it is suggested to find a suitable case relevant to the practical
applications, such as the flue gases containing Sulphur components. The differences between using the
dehumidification method and method of general mixtures could be further investigated.
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